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Introduction 


The  neutron  studies,  of  which  this  report  is  a 
final  one,  commenced  in  the  summer  of  1951  and  ter- 
minated on  January  31*  1954.  The  data  collected  ana 
results  obtained  have  been  summarised  in  four  reports 
dated 

(1)  December  31,  1951 

(3)  January  31#  1953  * 

(4)  June  30,  1953 

(5)  December  31,  1953 

The  contents  of  these  reports  have  been  subsequently 
published  or  accepted  for  publication  in  the  open  litera- 
ture. In  all,  six  papers  have  been  completed. 


Report  (3)  should  have  been  dated  December  31#  1952.  It 
is  to  be  noted  that  no  report  (2)  was  issued  for  the 
period  January  1,  1952— June  30,  1952.  Reasons  for 
this  omission  will  be  indicated  later.  Since  report 
(5)»  above,  was  issued  simultaneously  with  termination 
of  this  oontraot,  and,  since  it  and  the  three  reports 
preceding  it  were  relatively  complete,  it  has  been 
decided  to  issue  as  e final  report  a brief  summary  of 
the  activities  of  eooh  of  the  above  oited  6«month 
periods. 


July  1 December  31,  1951 


Using  a photographio  plate  technique,  fast  neutrons 
of  energy  4*3‘=Mev  were  scattered  from  Wolfram*  The  energy 
distribution  of  the  scattered  neutrons  was  obtained,  and 
the  results  were  published  (Fhys.  Rev*  86,  861  [l952j  ). 
During  this  same  period,  the  smaller  Bartol  Van  de  Graaff 
was  moved  from  the  older  building  on  the  Swarthncre  Campus 
to  a newer  one  looated  at  the  off-campus  nuclear  research 
center  of  the  Foundation*  It  was  necessary  to  completely 
rebuild  the  Van  de  Graaff  in  its  new  location.  During 
this  same  period,  construction  of  a Cockroft-Walton  set, 
now  in  operation,  was  likewise  commenced* 

January  1 — June  30,  1932 

This  period  began  with  continued  constructional 
activity  centered  about  the  smaller  generator  and  the 
C~W  set.  A radio  ^frequency  ion  source  was  installed  in 
the  smaller  machine  so  that  bombarding  currents  in  excess 
of  20  microamperes  of  magnetically -re solved  deutercns  were 
obtained*  This  amount  of  bombarding  beam  constituted  an 
enormous  improvement  over  previous  performance*  The 
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e-es surene n't s of  e»rl±er  work  had  "been  carried  out 
with  bombarding  beams  of  about  one  microampere  or 
less®  Preliminary  measurements  of  the  total  cross 
sections  ox  geld,  chlorine,  and  phosphorus  were  made 
using  the  newly  increased  beam  of  the  generator.  Car- 
rents  of  as  such  as  lOQ  microamperes  were  developed  in 
the  Cookroft -Walton  set*  However,  because  the  neutrons 
of  one  mchine  were  found  to  interfere  with  the  raeasure- 
mexrts  proceeding  with  the  other,  it  was  necessary  to  cease 
operation  of  the  Cockroft-Walton  set*  An  additional  build 
lug  at  the  nuclear  research  center  was  readied  for  the 
Cockroft -T's lion  sets. 

Ho  report  was  lss  -ed  for  this  six-south  period,  be- 
cause the  constructional  activity  was  very  Intense  and 
few  results  of  a publishable  nature  were  obtained  «>  Ths 
weasuresamts  of  total  cross  sections  of  P,  Au,  and  Cl 
were  considered  to  be  of  only  a preliminary  nature  ® These 
measurements  of  total  cross  sections  were  undertaken  with 
the  idea  of  eventually  measuring  the  angular  disti  ibution 
of  the  elastically-scattered  neutrons  as  wall*  When  the 
differential  elastic  scattering  cross  section  is  inte- 
grated over  all  angles  and  subtracted  from  the  total 
cross  section,  the  inelastic  scattering  cross  section  is 
obtained* 


July  1 2Z.  Beoenber  31,  1952 


Total  cross  section  meesurements  for  gold,  chlorine, 
and  phosphorus  were  completed  and  published  ( Phys.  Rev.  $0, 
615  0L953]  K The  use  of  photographic  plates  as  neutron 
detectors  was  continued,  and  attempts  to  Measure  the  energy 
distribution  of  the  neutrons  inelastically  scattered  from 
iron  and  chromium  met  with  some  success*  A survey  of 
geometries  for  neutron-scattering  measurements  was  oon  * 
ducted  over  a period  of  several  months*  A novel  method 
of  increasing  the  seasurr.hle  intensity  of  inelastically- 
soattered  neutrons  was  developed  and  published  (Rev.  Sclent,. 
Inst.,  24,  875  [l953j  ). 

January  1 — June  30,  1953 

Many  interesting  results  were  obtained  during  this 
period.  A geometry  was  devised  which  allowed  detection 
of  gamma  rays  excited  by  inelastic  scattering  of  fast 
neutrons  • The  energies  of  the  games  rays  excited  iy  X6S  C 
neutrons  inelastically  scattered  by  chromium,  lead,  bismuth, 
and  iron  were  measured.  These  results  have  been  published 
(Fhys.  Rev.  93,  796  [1954]  ). 

Angular  distributions  of  fast  neutrons  scattered  from 
aluminum,  iron,  and  lead  were  also  determined  and  published 
(Pfcys.  Rev.  92,  114  (l953]  ). 


July  1 — December  31,  19  53 


The  gamma  ray  spectra  exoited  by  inelastic  scatter- 
ing  of  fast  neutrons  in  nickel,  copper,  zirconium,  and 
tungsten,  were  studied*  The  angular  distributions  of 
fast  neutrons  elastically  scattered  in  cadmium,  tin, 
and  bismuth  were  also  determined*  These  data  have  not 
as  yet  been  published,  though  some  of  them  have  been  sub- 
mitted  and  accepted  for  publication  in  The  Physical  Review > 

Additional  Results 

In  Deoember  of  1953,  investigations  of  the  excita- 
tion of  metastable  states  by  fast  neutrons  were  under- 

137  1C*9 

taken D Thus  far,  metastable  states  of  Ba  and  Kg 
have  been  so  activated*  These  levels  may  be  excited  by 
gamma  emission  from  states  greater  in  energy*  The  excita- 
tion is  measured  as  a function  of  neutron  energy*  These 
measurements  have  been  continued  since  termination  of  this 

contract,  under  sponsorship  of  the  Atomic  Energy  Commission, 

199 

and  levels  have  been  located  in  Hg  at  566,  607,  985,  1283> 
1771,  and  2259  Kev  and  in  Ba137  at  665,  1012,  and  1767  Kev* 
The  probable  error  in  the  energy  measurements  is  thought 
to  be  + 15  Kev. 


5- 


ft 

Those  studies  of  the  exoit&tion  of  metastable  states 
in  nuclei  are  being  oonduoced  with  the  use  of  the  larger 
Bartol  Van  de  Graaff  generator  recently  completed® 

Conclusion 


» 


As  indicated  in  the  preceding  summary,  the  technical 
details  and  Interpretations  of  the  accumulated  data  and 
results  have  been  adequately  dealt  with  in  the  afore- 
mentioned four  reports  and  six  publications®  However,  in 
order  to  present  a complete  description  of  what  has  been 
accomplished  under  the  contract,  copies  of  the  four  preced- 
ing reports  have  been  appended  to  this  discussion  as  a 
supplement. 
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1 THE  SCATTERING-  OF  FAST  NEUTRONS  BY  WOLFRAM 

W»*  vmt-z.  — — >nni>  IM—OWI  — — m ,rn  — n ■■■! 

A;  Introduction 

Employing  several  different  primary  neutron 

3 ) 

energies*  the  maximum  of  which  was  3 Mev*  Barshali  et_alo" 

have  investigated  the  inelastic  scattering  of  fast  neutrons 

in  wolfram  and  other  elements „ Their  measurements  have 

2 ) 

been  subsequently  interpreted  by  Feld,  The  measurements 
of  the  present  paper  were  carried  o\it  with  a geometry  and 

x ) 

general  method  which  have  been  previously  described  in 

their  application  to  the  particular  cases  of  the  scattering 

of  fa3t  neutrons  by  bismuth  and  lead.  In  these  previously 

3) 

reported  measurements;  unfavorable  conditions  of  background 
were  encountered,  and  it  was  found  to  be  impossible  to  give 
an  accurate  estimate  of  the  cross~3ection  for  inelastic 
scattering,.  Many  months  of  plate  reading  and  analysis  were 
required  to  establish  the  undesirable  features  of  the  method, 
and  during  that  time  the  exposure  for  wolfram  had  been 
carried  cut.  Consequently#  it  has  been  decided  to  present 
the  results#  recognizing  that  certain  difficulties  ars  in- 
herent  in  the  analysis  and  interpretation „ 


1)  Barshalla  Battat#  Bright,  Graves,  Jorgensen  and  Manjey* 
Rhys,  Rev,  72#  831  (3.947) 

Barshali,  Manley  and  V.'eisskopf,  Phy3e.  Rev0  72,  875  (1947) 

3,  To  Feld#  Physo  Revo  75#  1115  (1949.) 

Co  E0  Majids  vi  lie  and  C0  P„  Swann,  Physr  Rev-,  84,  214  (1951) 


2) 

3) 


B:  The  Measurements 


2 c 


Monochromatic  fast  neutrons  of  energy  4o3  Mevs 
produced  in  the  deuteron~deuterium  react! on*  were  scattered 
:ln  a scatterer  of  metallic  wolfram,  having  an  average  length 
of  4 cm0  The  bombarding  deuterons  were  supplied  by  the  Bartol 
Van  de  Graaff  statitrono  With  no  scatterer  present,  the 
curve  of  figure  1A  was  obtained.,  With  scatterer  in  posi- 
tion, the  curve  of  figure  IB  resulted 0 These  curves  have  been 
normalized  to  take  into  account  bombarding  time  and  plate 
area  scanned » The  principal  group  of  particles  in  figure 
IB  is  composed  cf  primary  neutrons,  those  which  passed 
through  the  scatterer  without  suffering  a scattering  colli- 
sion of  any  kind,  and  neutrons  which  have  been  elastically 
scattered o The  broken  line  of  figure  IB  is  a plot  of  the 
principal  group  using  the  shape  of  figure  IA<>  Prom  figure 
IBs  it  is  clear  that  insertion  of  the  scatterer  has  shifted 
the  peak  of  the  curve  sli^itly  and  broadened  it  somewhat, 
giving  evidence  of  elastic  scattering..  As  in  the  previous 

paper o the  energy  interval  0„2  Mev4E  <3o7  Mev,  has  been 

n 

designated  as  the  region  of  inelasticity » A detail  of  the 
results  of  this  region  is  shown  in  figure  2<>  The  data 
without  aoatterer  are  represented  by  the  open  circles, 
whereas  those  obtained  with  scatterer  in  position  are 
indicated  by  the  closed  circles  * These  data  have  been 
plotted  in  energy  intervals  of  0o2  Mev»  The  omr 
are  not,  however,  taken  tc  be  the  true  background o It  was 


Fig.  1 . Curve  A is  ihe  "bockground  run"  or 

energy  distributions  of  neutrons  with  no 
scatterer.  Curve  B was  observed  with 
the  wolfram  scatterer  in  position.  The 
two  curves  were  "normalized*'  to  take  into 
account  irradiation  time  and  plate  area 
scanned . 


f NCNCV  “ MCV 


Fig.  2.  Distribution  of  neutron  energies  lew  than 
or  equal  to  3.7  Mev  collected  with  and 
without  the  wolfram  scatterer  in  position. 
The  data  are  plotted  in  energy  intervals  of 
0.20  Mev.  The  open  circles  refer  to  the 
"background  run"  with  no  scatterer,  arid 
the  closed  circles  to  data  obtained  with 
scatterer  in  position. 


Fig.  3.  Distribution  in  energy  of  4.3  Mev  neutrons 
ineleastically  scattered  in  wolfram.  The 
broken  line  is  the  distribution  after  correc- 
tion for  variation  with  energy  of  n-p  scat- 
tering cross  section  and  acceptance 
probability. 


i 


demonstrated  in  the  case  of  neutron  scattering  by  bisnruta 
that  the  background  without  scatterer  is  greatly  reduced  by 
scattering  of  the  background  neutrons  with  scatterer  in 
position*  To  obtain  the  appropriate  background  with  scatterer 
in  position*  the  open  circles  of  figure  2 have  been  reduced 
by  the  factor  exp( »n  o'x)  where  n is  the  number  of  wolfram 
atoms  per  cc , <r^  the  total  scattering  cross  section  for 
wolfram,  and  x « 4 cm,  the  average  length  of  the  wolfram 

\ 

scatterer*  The  product  n <r  wast  of  course,  evaluated 

W T» 

as  a function  of  energy,  on  each  energy  interval  of  width 

0*2  Mev*  Thus,  letting  I be  the  number  of  tracks  on  the 

3 interval  of  the  "background  run”,  and  letting  1^  be  the 

background  with  scatterer  in  position,  Ij  oan  De  calculated® 

The  total  number  of  background  t recks  on  the  large  interval, 

0o2  Mev£E  £3*7  Mev,  is  given  by 
n 

H 

in  =ri 

and  the  total  number  of  background  tracks  in  the  region  of 
inelasticity  with  scatterer  in  position  may  be  calculated 


from 


I . exp(~n  (<^) 4 x) 

i 3 i oj  n n 3 


The  observed  and  calculated  values  of  I and  IQ  are  given  in 
Table  I,  where  it  is  seen  that  I calculated  is  95+3  tracks, 
the  actual  observed  I without  scatterer  being  471  + 15  tracks. 

O 

This  calculated  value  of  I is  to  be  compared  with  an  observed 
value  of  I of  524  + 21  tracks*  This  great  difference  between 


4 o 

calculated  and  observed  values  of  I is  taken  to  be  evidence 
for  inelastic  scattering  of  4,3  Mev  neutrons  in  wolfram o 


Considerable  debate  has  centered  about  the  fact 

that  the  open  circles  of  figure  2,  the  observed  background 

tracks  with  no  scatterer  present,  show  an  increase  in  the 

vicinity  of  1 Mev  just  as  do  the  closed  circles  of  dat*. 

obtained  with  scatterer  present  o These  tracks,  in  the  ui^se 

of  the  open  circles  are  presumed  to  arise  from  neutrons 

12  13 

generated  in  the  reaction  C (D,n)E  , since  carbon  may 
be  present  as  **  contaminant  on  the  target  of  D2°°  these 
neutrons  originate  at  the  target  and  proceed  to  the  photo- 
graphic  plates  without  having  been  first  scattered  about 
the  observation  room,  they  will  certainly  be  reduced  in 
intensity  when  the  scatterer  is  placed  in  position.  Prom 
figure  2,  it  is  evident  that  considerably  more  neutrons  are 
encountered  in  the  vicinity  of  1 Mev  with  scatterer  in  posi- 
tion, Most  of  these  are  evidently  inelastically  scattered 
ones,  since  those  of  any  carbon  contamination  would  be  re- 
d-aoed  in  each  energy  interval  by  the  factor  exp(-nr/^x)<> 


5o 

12  13 

It-  has  been  argued  that  perhaps  the  neutrons  from  C (L,n)N 
are  room  scattered  to  give  the  tracks  of  the  closed  circles 
in  the  vicinity  of  1 Mev  with  scatterer  in  position,  and 
that  the  assumption  that  the  background  emanates  primarily 
fxum  the  direction  of  the  target  is  incorrect,  contrary 

•x  \ 

to  the  findings  of  the  bismuth  measurements ® Further 

evidence  that  the  background  neutrons  do  emanate  from  the 

target  area  may  be  cited  as  follows ® Many  targets  of 

light  nuclei  have  been  irradiated  by  deuterons  supplied 

by  the  Bartol  Van  de  Graaff  statitron®  The  neutrons  from 

C (D,n)N  have  often  appeared  in  spectra  observed  in 

photographic  plates  placed  at  angles  of  zero  and  ninety 

degrees  with  the  incident  beam  in  the  laboratory  system  of 

coordinate  axes.  These  plates  have  always  given  evidence 

of  a sharply  defined  group  from  C (I>,n)N  , exhibiting 

the  proper  energy  shift  with  angle  of  observation®  This 

would  not  be  the  oase  were  "room  scattering"  of  the  oarbon 

neutrons  an  important  factor®  These  irradiations  were  often 

of  the  same  length  in  time  as  those  of  the  scattering 

experiments  and  were  carried  out  in  a much  less  advantageous 

geometry  from  the  standpoint  of  the  reduction  of  background® 

The  removal  of  the  target  of  the  scattering  experiments  to 

a point  at  a great  distance  from  scattering  materials  has 

3) 

been  previously  described® 


C:  CONCLUSIONS 


- 


Oc 


As  described  above*  tbe  data  of  the  open  circle; 
Ox  figar*  2 were  reduced  in  e«ch  energy  interval  by  tbe 
factor  exp(~n^^xj  and  subtracted  fron  the  appropriate 
closed  circle*  After  properly  combining  the  statistical 
probable  errors,  the  curve  of  figure  3 ms  obtained.  The 
broJten  line  of  figure  3 represents  the  distribution  in 
energy  of  fast  neutrons  inelastically  scattered  in  wolfram. 


corrected  for  variation  with  energy  of  the  n p scattering 
cross  section  and  acceptance  probability.  The  distribution 
appears  to  be  for  the  most  part  constant  with  energy,  ris- 
ing somewhat  in  the  region  of  lower  energies*  Using  figure 

* i 

IB  and  a method  of  analysis  previously  described^ ; it  is 
estimated  that  at  4*3  Mev  the  inelastic  scattering  cross 
section  is  less  than  three -fourths  as  large  as  the  elastic 
one  far  W. 


II,  I* HE  CQCKROF>tfA  IE  01  SET 

A highly  efficient  r-f  ion  source  lias  been  developed 
for  use  in  the  two  Bartel  Van  de  Graaff  statitrons.  One  of 
these  ion  sources  (first  employed  as  a ”test  bench.15  for  ion 
source  d eve  1 oprosn t } has  been  incorporated  into  a Cockroft- 
Walton  set e xhis  C-it  set  has  been  constructed  for  the  pur~ 
pose  of  furnishing  an  intense  source  of  neutrons.  Yield  curves 
of  the  reactions  3( D,n )He^  and  D(T,n)Ee^  have  been  consulted, 
and  they  indicate  that  these  reactions  would  supply  copious 
quantities  of  neutrons*  even  at  very  low  bombarding  energies. 

A porrer  supply,  variable  involtage  fro®  zero  to 
100  Kt  and  sustaining  a ipaxiraua  load  of  1 Ssa*,.  h£3  been  obtained 
from  the  Beta  Electronics  Corporation  of  Sew  York. 

A photograph  of  the  C-W  set  is  given  In  figure  4 
where  the  principle  components  are  seen  to  be  supported  upon 
a steel  framework » At  the  present  tinze,  it  is  planned  to  use 
a vertical  unresolved  beam.  Very  little  energy  spread  woull 
result,  since  the  caxicana  energy  would  be  100  Zev„  However- 
& megnet  has  been  constructed  for  eventual  resolution  of  the 
bean  and  for  bringing  the  beam  to  a horizontal  position  if 
necessary. 

It  is  thought  that  the  C-W  generator  will  afford 
a convenient  rsethod  for  observing  ganma  rays  emitted  in  the 
scattering  process  . 

Plans  are  at  present  underway  to  bombard  a heavy 
paraffin  target  and  monitor  the  neutron  yield  to  ascertain 
whether  sufficient  intensity  is  present  fer  experimentation 
and  to  determine  what  shielding  is  necessary  to  satisfy  the 


Figure  4,  The  Coekroft-Wolton  $*t,  A,  current  Integrator.  B,  the  target.  C,  the  Ion  source  with 
shield,  D,  the  control  panel  for  the  Ion  source.  E,  the  high  voltage  power  supply. 
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re ouiremer.ts  of  health  physics  t 


Ills  IBS  VAN  de  GRAAPP  GSRERA TCR 

ihe  snail  Bartol  Ycr  da  Grasff  statitron  !^s 
been  moved  free  principal  building  on  the  Sroarthncre  campus 
to  the  cite  of  the  nore  recent  nuclear  physics  installations* 
The  "target  end"  of  the  statitron  is  shown  in  figure  5*>  One 
of  the  first  use3  of  this  generator  in  its  new  environment 
will  be  the  performance  of  scattering  experiments  in  which 
the  total  cross  sections  of  various  nuclei  will  be  measured 
as  a function  of  energy  of  the  monochromatic  neutrons  from 
the  reaction  T(p,n)He:>. 
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The  progress  of  inelastic  scattering  uieasuK-osaerta  **t 
this  labors t&ry  has  been  out?,irs«*&  prcvim’.;; ly  in  aev-arsl 

*j;  t.  A * 

reports  and  publication# ^ * The  present  data  tfonstltut# 


Interim  Technical  Report  to  Prelect  i<I2PA.,  r#3s»*u*»d 
September.,  19  5°  0 later  npp-sftring  H*i  p»rfc  «?,»  "The 
Scattering  of  Fast  N*utr<m»  by  ftir-i-juth  and  taad" . 

Mandovl  He  and  Swann,,  Pliy3.  i'tew  84,,  214 

« ) 

Final  Report  <af  the  Work  gf  the  Barto!  Research  Foundation 
of  the  Franklin  Institute  to  Project  NRPA  a. 3 P®rf«mn;-sd 
undsr  Contract  SC«2O340  issued  April  3^„  1951  o 

^ ?irat  SemlAnnuai  Report  of  th*  cf  the  Part*/!  R^.s^iir^h 

Foundation  of  the  Franklin  Institute  Performed  uiv© ar 
Contract  Fonr«436(  00 3 9 issued  Eecsesuber  51,  1951  o Part; 
of  this  report  later  was  published  es  *Tha  Scot Serins 
of  Fast  Neutrons  by  Wolfram”,  Wandev"illes  Swaxm  and 
SeyKoxir,  PhySc  Rcv„  66*  86i  0.958  3 1 

A ) 

' Status  Report,  Contrast  Nom-0 - 436 ( &QL  danviary  * September, 

UBMMRPMIB  f uie'W  -IT  II  l'  ttWCBMfll W— rjMW)—  — >wsnr»— Ihl  HIM  -MCM  « ,/ 

195S,  submitted  September  ?4  1.952 r, 


an  extension  of  the  sarlier  efforts e To  datep  the  prin- 
cipal detector  has  been  the  photographic  plats..  Surlier 


T 


1 H i 

*i*a©ursment»  1 ' conn:  ■$&*?&  JLju  cbis  Aning  date  -i»>  %n  eusd 
without  aoatterers  before  the  photographic  piatesie  A ij.»- 
feovantage  of  the  geometry  was  that  primary  unsca  tiered 
neutrons  ecu  Id  rea^h  the  plates  along  with  the  elastically 
fnd  Ina la 3t legally  scattered  neutrons  giving  rise  so  a large 
and  undesirable  backgrounds  i;ais  difficulty  was  sununariKod 

o 'j 

in  the  final  report  under  Contract  SC  -2034;  to  project  NEPA  P 
April  JO a 1951 o In  this  same  report  it  was  also  suggested 
that  a geometry  be  adopted  wherein  the  photographic  plates 
would  not  be  in  the  beam  of  primary  neutrons  incident  up -m 
the  soatterer,  that  they  should  be  located  at  90^  to  the 
beam  to  receive  neutrons  scattered  through  that  angla*  Saoh 
« geometry  was  indicated  in  PigUTC  a sf  :-{©f«r*iW&  2o  A 

*•)  ' 

W9CML agre®55  geometry  was  adopted  by  Stelae  and  Ptr«»tf«wr  ’ 

^ Steloon  ami  Preatcni  Phys*  R»v«  8«§  X*«'  Q95i^ 


when  they  studied  the  neutron  groups  y«3at<ng  t«?  the  in©  la  at  Ac 

« ) 

scattering  of  fast  neutrons  by  iron"  o 

i 

Although  the  data  of  Stclsan  and  Pr-ftov.'-fc"  were  at.at.iss-* 
tissally  poor,,  their,  results  seemed  to  hold  promise « Accord- 
ingly the  large  paraffin  collimator  of  their  mea-iurem^nts 
was  constructed  as  described  in  Reference  4 c In  actuality,, 
two  collimators  were  prepared  at  Bartel „ on«  of  length 
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a shorter  and  more  svid® ly  flared  version  of  length  HQ  rm» 

The  shorter  collimator  w& s ©ast  to  increase  the  neutron 
intensity  at  the  aeatterero  Objections  heave  lean  raised  .in 
various  quarters  to  the  Stelson -Preston  experiment o it  ha* 
been  argued  that  the  presence  of  ouch  larg«  quint  it  .1  ear  &t 
paraffin  aa  they  used.  leads  to  a degradation  of  the  }?rimary 
neutron  energy  and  to  spurious  groups  of  low  energy  neutron® 
which  might  be  interpreted  as  having  bean  tnaSasiically 
scattered o Consequently „ before  doing  any  colllmatcr  ©xperi  - 
raerrfcap  it  was  decided  to  investigate  some  different  variations 
of  the  ao-oalled  "wedge'™  geometry  for  shielding  the  photographic 
plates o A achamati©  diagram  of  on©  .form  of  this  geometry  was 
given  in  Figure  1 of  Reference  4o  To  keep  aeattering  materials 
at  a minimum,,  it  was  decided  to  irradiate  a aeetterer  of  iron 
in  the  geometry  of  Figure  2 @f  the  present  pr.psr ■ > fa a#.-  = 
rangerosnt  represents  the  extreme  «sass  which  there  is  no 
wollimation  or  shielding  tc  give  any  degradation  c-f  the 
primary  neutron  beam  « 

The  desirable  neutrons  which  are  detected  In  the  plate© 
of  Figure  1 are  those  which  have  proceeded  from  the  deuterium 
target  to  the  aoatterer  and  thence  through  en  angle  of  90s' 
t©  the  photographic  plates o Present  also  are  raooil  proton® 
protluoed  by  irradiation  of  the  photographic  plates  by  the 
ueutrcns  arriving  directly  from  the  target  o In  the  measur®' 
went  of  the  platea0  only  the  upper  half  of  the  plates  th© 
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ftffllif  nearer  the  seatterfrr,,  rn«c»  In  the  gfc-cv.# try  *f 
Figure  2*  recoil  protons  ce»  appear  whish  rar.fcs  ?■*  angle  of 
as  little  as  thirty  donees  with  the  forward  direct  ion  - The 
complement  of  the  angle  indicated  in  the  drawing  of  Figure-  5 
ia  42® o An  acceptance  angle  ©f  twelve  cogrens  of  the  faiinartl 
direction  was  employed  in  the  photograph!  vi  plat  a « no  that  i 
the  center  of  the  phonographic  plate  it,  would.  h#  possible  to 
find  acceptable  recall  protons  making  an  ang^e  as  small  es 
thirty  degrees  with  the  path  of  ths  incident  associated 
neutron  coming  directly  trm  the  targets  The  energy*  af  th*. 
recoil  proton  would  be  g.vr*n  t>y 


E •-  E 
b w 


where  as  indicated  above,,  0 cculd  !«  «3  little  a a thirty  de- 
grees,, so  that  the  recoils  could  have  as  much  **s  thvi ?#*  --f-tmrthr 
of  the  primary  neutron  energy o Since  only  the  upper  half  of 
the  plates  were  read,,  the  angle  was  usually,  graft  ter  thaa  'jfS^o 
In  the  measurements  of  this  section  of  the  report 8 d*ut*r ena- 
ct energy  LJ  Mev  were  passed  through  a nickel  foil  of  th.i?*k- 
iaes&^  30^  Kev  into  a target  of  deuterium  gas  afecut  .(•  4 v- 

thick  o The  resultant  neutrons  hed  an  energy  ol  ^ A ?>»«v  *•» 
Indicated  by  a control  plat©  placed  at  the  position  of  the 
coatterer o Most  of  the  recoil  protons  resulting  front  direct 
irradiation  of  th«  plates  were  removed,  fey  «h ooeing  only 
reocil  protons  of  energy  in  excess  of  2o3  M*v0  Another 
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spurts©  off  re«bil  prot-ons  1*»  neutrar.#  pro  .sc*  ling  directly 
freon.  target*  to  plates  to  ba  scattered  frosa  the  AgBr  off  th- 
©mulsiom  and  from  the  sill  osszi  In  the  glass  feacking  of  th» 
esaulstem*  Extensive  ©&l©ulatlcm>  were  perffurmed  te  get  an 
estimate  of  this  effect 9 end  they  seemed  t-e  indicate  that 
about  four  or  five  times  as  many  neutrons  are  scattered  from 
the  Agf)  Bra  and  Si  as  from  the  iron  soatterer  its© If o This 
fact  alone  places  in  doubt  any  results  which  might  be  obtained 
from  the  unshielded  geometry  of  Figure  Jo  Nevertheless „ to 
obtain  a ©capiat®  experimental  picture,,  © cylindrical  tori 
soatterer  off  length  one  inch  and  diameter  sg>r=?s  Inch  was  isr- 
radiated  in  the  geometry  of  Figure  3L0 

A rotational  method  eff  exposure  was  adopted  in  which  a 
total  of  five  million  integrator  ©cunts  were  reoorded  at  the 
deuterium  target  ©f  the  Van  de  Graaff  generator 0 t wo  million 
with  scattcrer,  two  million  without  r.©atterern  arm  one  million 
with  a control  plate  in  the  position  normally  occupied  by  the 
iron  soatterer  to  determine  the  homogeneity  of  this  primary 
incident  beam  of  neutrons  at  4 -Mo v 0 (The  calibration  off  the 
integrator  is  ©oQ5  coulomb  per  integrate  count  »i  The 'data 
with  and  without  soatterer  are  plotted  in  Figures  2 and  3„ 

Figure  2 in  energy  intervals  of  0ol  Mev  and  Figure  3 in  inter- 
vals off.  0o2  Me  Vo  A continuum  of  recoils  appears  t-s>  be  present 
below  4 Mev0  The  two  curves  are  dissimilar  between  3o3  and 
4 MeVp  suggesting  the  possibility  that  elastically  and  tealasti- 
©ally  scattered  neutrons  have  been  contributed  by  the  iren 
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3'*5*tt«ror  in  this  regies*  At,  '-#4o5  2»!ev  appears  r.  gr-aup  ot 
neutrons  on  both  seta  of  plstssa,,  beyond  the  position  in  energy 
which  la  possible  according  t«*  the  kinetics  of  tbs  deaterois  ~ 
deuterium  reaction*  This  group  of  neutrons  is  assigned  to  the 
r taction  5^  (n„p)  C^o  Whan  a photographic  plate  is  placed 
parallel  with  o neutron  beam,*  the  group  oi  neutrons  .frozn 

Tl  M » « 

« * ( n9  p ) is  not  usually  noticeable o It  i3  usually  C4v.cs  ^ 

P lately  overshadowed  by  the  neutrons  from  the?  D P ree.etlouo 
However p when  the  plates  are  nearly  vertical  to  n out  ran  beam 
8 3 are  those  in  Figure  X(  the  primary  neutrons  disappear,,  and 
the  K'"^  (n„p)  neutrons  become  apparent  a 

Since  the  direct  neutrons  were  to  scattered  by  the  A?;Rr 
and  Si  as  t©  partially  mask  tho  contribution  of  the  iron 
s©atterer0  it  became  evident  that  adequate  shielding  must  be; 
interposed  between  the  deuterium  target  and  the  photographic 
plates*  The  decision  as  to  how  much  shielding  can  be  employed 
presents  a problem,,  because  if  too  much  is  placed  between  the 
target  and  plates fl  the  aoatterer  will  be  too  far  removed  froia 
the  neutron  source 9 thus  reducing  the  solid  angle  subtended  at 
the  source  by  the  scatter er>  Consequent ly9  a survey  of  possible 
geometries  was  carried  out  with  a vie?r  to  observing  th© 
background  of  scattered  neutrons  in  the  plates  under  various 
conditions  of  shielding.  By  scattered  neutrons  in  thio  ©as© 

: s m-sant  those  scattered  from  tho  AgBr  and  Sic  U®  iron 
cveatterer  was  present*  Ho  directional  criteria  were  applied 
in  measuring  the  tracks o In  fact*  they  wtra  not  actually 
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&9&**iire&  but  merely  counted  c Tho  number  of  trucks  of  all 
type#  psr  fie H of  view  was  recorded c Ar:y  tracks  which  coaid 
fee  differentiated  from  the  background  grair *,3  w.a  counted o 
Shu®;,  th®  background  aeamiycments  of  the  various  gecjriatrlfeff 
should  be  applicable  to  counter  measurements  as  well  ®»  to 
photographic  platoa. 

The  various  types  of  shields  ore  described  in  Figure  4 
i 10  «zo  of  paraffin;,  10  cm  of  bismuth) ,,  Figure  5 (20  on  sf 
paraffin)^  and  Figure  6 (a  SteXson -Preston  type  collimator 
of  length  20  am)»  The  results  of  the  shielding  measurements 
are  described  in  Figure  7,  where  a table  of  data  in  press nte-io 
From  the  table  it  is  clear  that  the  paraffin  wedge  of  length 
10  cm  allows  s background  only  1,6  times  es  great  ns  tbs 
collimator  and  that  the  20  cm  wedge  gives  rl»®  to  & lower 
background  than  the  scattered* c 

* At  the  bottom  of  the  table  is  a row  of  data  relating  to  an 

unshielded  bombardment  of  a pellicle  (an  emulsion  300  microns 
thick  without  arty  glass  backing  )0  Tho  geometry  was  that  of 
Figure  1 with  no  scattered  presents  According  to  the  tobi©*, 
I608  tracks  par  field  of  view  war©  observed o This  figure 
must  few  divided  by  three  t®  reduce  the  pallid®  thickness 
to  that  of  the  photographic  plates  (100  microns}*,  giving 
56  tracks  par  field  of  view,  in  agreement  with  5*5  traoka 
found  in  the  plates o Thus3  the  additional  200  microns  of 
emulsion  thickness  containing  AgBr  contribute  as  many 
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scattered  neutrons  to  the  remaining  5.0.0  mi  or  ms  of  pe  Hide 
thickness  as  does  the  glass  backing  to  the  100  micron 
smulsicn  of  the  photographic  plat®0 

In  order  to  obtain  a high  density  of  insistent  neutrons , a ds~ 
oisio n was  made  to  employ  a modification  of  the  XO  cs r,  of 
paraffin  'ahown  in  Figure  4-.  This  new  form  of  the  JO-ca  geometry 
is  shown  in  Figure  8c  The  various  angles  of  the  momentum  re» 
lationship  are  such  that  only  one -fourth  of  the  incident  neutron 
energy  ©an  be  imparted  to  a proton  in  the  emulsion*  However, 
only  reooila  of  energy  greater  than  lo6  Kiev  ware  actually  ac- 
cepted. The  energy  distributions  with  and  without  soat'terer 
and  the  difference  curve  are  plotted  in  Figure  9o  An  elastic 
group  is  well  defined s but  the  inelastic  one  Is  "smeared'*  over 
a considerable  region  and  does  not  exhibit  particularly  good 
definition-  The  broken  line  of  the  difference  curve  represents 
the  energy  distribution  corrected  for  variation  with  n»p 
scattering  cross-section  and  acceptance  probability  of  the  tracks  * 
To  obtain  the- date,  of  Figure  90  10,. 380  fields  of  view 
were  observed  in  binocular  microscopes  to  obtain  779  accept- 
able recoil  proton  tracks  in  the  case  of  scatterar  present e 
The  background  without  seatterer  was  determined  by  measuring 
323  tracks  in  5C650  fields  of  view..  As  to  bombarding  tim«B 
a total  of  seven  million  integrator  counts  were  accumulated 
with  seatterer  and  seven  million  without  soatterero  A control 
plat®  replaced  the  seatterer  for  one  million  integrator  count® 
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to  obtain  the  ^rsergy  ope  trum  of  th*»  primary  beaus  of  neutrons 
employed  in  the  scattering  e xper iiaent It  is  possible  thru 
sor*e  of  the  neutrons  from  the  target  -ouid  be  scattered  and 
degraded  in  the  par&ffir*.  then  elastically  scattered  in  the 
iron,  to  the  photographic  platen  to  appear  as  e low  energy  group 
to  oe  confused  with  inelasti  *ally  scattered  neutrons  from  th* 
iron  scatterer A background  rruB:!  does  not  take  into  account 
neutron  groups  produced:  in  this  scanner-  The  primary  neutron 
spectrum  is  shown  in  Figure  JO-  It  is  estimated  that,  less 
than  fire  per  cent  of  the  neutrons  lie  below  tbs-  principal 
group®  The  presence  of  the  smeared  inelastic  contribution  of 
the  difference  curve  of  Figure  9 cannot  be  explained  by  such 
a small  percentage  of  degradation  cf  the  primary  beam* 
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introduction 

_ i > 

Previous  a of  the  total  cross  nest  Ion  of 

*]  H,  Ko  Adair  Rev-  Phj3«  22  249  U95<>)-» 


phosphorus  for  fast  neutrons  have  yielded  only  scanty  infoma- 

tlon  in  the  energy  range  a vs  liable  to  u#-  The  total  cross 

section  for  chlorine  hr-i  not  teen  reported  previously,  while 

2=  > 

that  for  gold  appeared  in  abstract,  form  during  our  Investigation 
2 * 

R»  L;  Reciter,.  R«  Walt  end  A,  Okazaki  . Bull-.  Aiaer-  ?hys*  So®* 
27,,  19  <1952’ 


Apparatus 

A radio  frequency  * on  t uroe  has  recently  been  installed 
in  our  snail  electrostatic  generator,  which  together  with  suit- 
able auxiliary  focusing  voltages  yields  a 15  j*-.ar.  resolved  baeri 
of  protons  in  the  energy  reng«  59Q  ti  1695  Xev-  The  generator 
voltage  is  kept  constant  to  within  X to  2 Icy  by  the  use  of  a 
corona  stabilising  circuit  whose  error  signal  is  derived  from 
a pair  of  insulated  slits  located  at  the  output  end  of  the 
analysing  saagn^t. 

In  order  to  measure  the  ten  be as  energy  work  *ar»  initiated 
on  a torsion  balance  with  s^hieh  the  ragnet  field  of  the 
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analysing  magnet  ©ould  b®  measured,  l>ev®,lopment  wo rk  wa* 
underway  at  the  time  of  these  experiments,,  and  the  ns -a*  ssa  te- 
stability ®nd  reproducibility  of  the  torsion  b©  lanes  was 
achieved,  However,  sine©  the  completion  ®>f  this  work  nou!?d 
l^ave  required  acre  tlms  than  could  reasonably  bs  allotted  to 
these  experiments,,  it  was  de©ided  to  rely  on  the  ■existing 
generating  voltmeter 0 A careful  investigation  of  the 
stability  and  reproducibility  of  the  generating  voltmeter 
revealed  that  after  certain  difficulties  in  the  grounding  of 
the  rotor  war©  eliminated „ the  only  remaining  variable  waa 
the  temperature  expansion  of  the  generator  column  <•.  When  this? 
was  reduced  as  far  as  possible  by  the  us®  of  water  cooling  coils 
on  the  pressure  tank,  the  reproducibility  of  the  generating 
voltmeter  was  generally  about  2 Kv.-,  Thus,  while  the  voltmeter 
left  much  to  be  desired ? it  was  adequate  for  the  present  ex- 
poriments,,  and  was  then  calibrated,,  using  the  P-  p$  c<c„  V } re- 
sonanoe  at  873o5  Kev„  the  AlCpftV)  rosonanc®  at  993 13  Kev  and 
the  H^(pen)  threshold  at  lo019  Mev^'^o  In  addition  th©  H^(prn) 

t ) 

* R.  Ko  Hsrbf  S.  Co  Snowdon,,  and  0o  Sals,  Physo  Rev0  75  „ 

246  (1949) 

4 ) 

R0  Po  Tasohek„  Go  A0  Jarvis,  Ho  Vo  Argo  and  A0  Hemnendingerj, 
Physo  Revo  75,  126B  (1949)o 

threshold  was  checked  after  each  ICO  Kev  interval  throughout 
the  cross  section  measurements*  o 
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Tii©  tritium  targets  were  prepared  by  absorbing  tritium 
gai  at  1 mruo  Hg  pressure  into  a slrconium  film  evaporated  enta 
a wolfram  backing^ ^ 0 Some  difficulty  ?*» a encountered  in  ns, king 


A.  Bo  Lillis*  and  Jo  P»  Conner e Rev,  Sjio  Inst..  22fi  23.0  (1951)° 


uniform  siroonlura -tritium  targets.,  as  evidenced  by  the  presence 
of  fluctuations  in  the  neutron  counting  rente  of  ©bout  two  or  thres 
tines  the  statistical  flue tuat Ians <>  To  remove  this  source  of 
trouble B two  pairs  of  crossed  electrostatic  deflecting  plates  w«r® 
installed  just  after  th©  output  slits  of  the  analyzing  magnate- 
A 60  cycle  per  second  Co©*  voltage  was  applied  across  one  pair 
of  plates,,  and  a 400  cycle  per  second  a o voltage  was  applied 
across  the  other  pair  of  plates a in  order  to  spread  cut  the  team 
over  the  diaphragms  near  the  target- 

The  target  ares  was  suitably  uiaphragmed  t&  allow  sup 
pres  salon  of  the  secondary  electrons  from  the  target  end  thu$B 
permit  th®  uce  of  a teas  current  integrator  in  order  to  monitor 
the  neutron  yieldo  A conventional  condenser  and  neon-glow  tub® 

*■*  used  in  ©on junction  with  a scale  of  256  soelsr*  for  msagur Irur, 
th-i  total  charge  accumulated  on  the  target  during  each  run 

The  neutrons  w ere  detected  by  a conventional  «mri©h®d 
i'3  6 ) 

B slow  neutron  counter  surrounded  by  paraffin  with  an  outer 


Manufactured  by  Nc  Wood  Counter  laboratory.,  5491  Black  stone 
Avenue 9 Chicago  15 * 111° 
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iayer  of  cadmium*  The  mrtaid-  dims  as.*  -<m  o-i  the  counter  with 
paraffin  was  4 inches  and  Its  effective  length  wag  6 inches* 
Two  checks  of  the  stability  of  the  neutron  detector  and  Its 
associated  circuitry 0 using  a 10  mi  life? v It  Rs - Be  source  p 
showed  that  electronic  jitter  and  voltage  drifts?  did  not  in- 
fluence the  counting  rate  more  than  on«  per  cent* 

Finally s there  was  present  in  ail  the  measurements  a 
time  dependent  background  of  neutrons  coming  mainly’  from  the 
region  of  the  analyzing  magnet  chamber o This  was  reduced 
considerably  by  interposing  a stack  of  five  gallon  cans  filled 
with  a saturated  water  solution  of  borax-  In  addition,,  thw 
counting  rate  of  these  background  neutrons  was*  determined  at 
frequent  intervals  while  taking  the  data*  and  an  attempt  was 
made  to  correct  the  desired  neutron  counting  srate  for  this 
source  of  neutrons « Since  the  amount  of  these  background 
iasutrons  was  never  more  then  five  per  cent,,  it  is  felt  that 
this  source  of  fluctuation  la  adequately  accounted  far 0 

Experimental 

Before  measuring  the  total  neutron  cross  sections,,  the 
effect  of  the  exact  location  of  the  scatter®*"  was  investi- 
gated o Figure  11  shows  that  the  location  ©f  the  scatter®* 
along  the  target -detector  axis  is  not  very  critical c and  that 

the  acattering-in  correction  can  account  for  the  observed 

variation  of  the  counting  rate-  As  the  scatter©*  it  moved 
nearer  to  the  neutron  source ,,  the  counting  rate  rises  sharply, 

= 13  = 


•NOTON  BEAU 


05  2R-T 


COMPUTED 


EXPERIMENTAL 


HORIZONTAL  DISTANCE  -D-  (INCHES) 


PROTON  ENERGY  (MEV) 


Fig.1 1 . Counting  rata  of  neutron  c junior  versus  the  dlttonco 
of  the  gold  scottoror  From  th*  torgot  along  'rho  taigot-dotaclor 
axil.  The  solid  lino  Is  the  overage  of  the  oxporlinontal  points. 
The  dasKod  curvo  was  computed  using  tho  following  paramo  tan: 
counting  rata  without  scottoror  - 1317,  shadow  cono  background 
-130,  cram  section  at  1 .13  Mov — 8.00  bams,  countar  diameter 
—4.00  Inches,  target-detector  distance— 16  Inches. 


Fla . 12.  Yield  of  neutrons  In  the  forward  direction  from  the 
FH(p,n)  He3  reaction.  The  solid  curve  was  computed  by  adding 
the  yield  predicted  for  a 36Kev  thick  target  containing  82  percent 
of  the  tritium  to  the  yield  curve  predicted  fur  a 13Kev  thick  target 
containing  IB  percent  of  the  tritium,  but  displaced  In  energy  by 
36  Key.  The  algebraic  detal::  are  given  In  the  appendix. 


300  400  300 

NEUTRON  ENERGY  (KEV) 


Fig . 13.  Total  croi*  taction  of  gold  for  neutron*  in  the  energy  rang-  190  - 250  Kev  was  measured 
with  the  detector  60°  from  tfm  dirrctlcn  of  the  proton  beam.  The  total  crott  section  of  magnesium 
was  also  measurttd  in  the  60*  geometry . 
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and  say  be  acocjinted  fr  by  the  rapid  increase  of  The  soli*  angl-s 
angle,  subtended  by  the  as oatterer  frees  the  target:,,  If  the 
s^atterar  is  Bored  toward  the  neutron  counter..  a sudden  increas* 
in  counting  rate  occurs  becauss  in  our  £ec=up  the  dis-etar  of 

the  counter  la  larger  than  the  dieseter  of  the  scatters*^  As 
the  ecatterer  passes  inside  the  detector  cone*  setae  neutrons 
pass  directly  into  the  detector  without  passing  through  the 
scatterer.  The  entire  effect  can  b«  confute  a frets  the  par*  - 
meters  given  in  the  oaptico  tc  Figure  1 1>  Hence  t it  was  felt 
that  the  correction  due  to  the  scattering  of  neutrons  into  the 
detector  are  adequately  accounted  for  by  the  following  form* in* 


■Qf'iJd  In 


7 


a J 


Cl> 


where  (r  is  the  total  cross  section,  n is  the  nuasber  of  scatter - 
iag  d is  the  thickness  of  the  seatterer , S is  the 

counting  rate  with  the  scstterex  in  place  corrected  for  the 
paraffin  shadow  cone  background s K is  the  counting  rate  without 
the  scattered  corrected  for  the  shadow  ocr.e  be  ck/32  ound  f ie  a 
geometrical  measure  of  the  scattering -in  correction  a?^d  is 
give©  by 


r*  i 

| (d^/dtfi  )J  oj  iL/ry 


k / 4«  il» 
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•ri  ‘ 
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where  dO-/dw  is  the  differential  cross  section  in  the  direction 
of  ttie  detector  1 is  the  large t -detector  distance;,  r is 
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target  °soatterer  distance,  and  A Is  the  area  ©f  aoattox-ero 

Ths  first  bracket  was  taken  equal  t>  unity,  sins®  it  is?  net 

exactly  calculable  Vat  is  expected  be  near  unity  la  3>v& 

energy  rang®  aocording  t©  the  continuum  theory  a?  7iuol®ar 
7 ) 

reactions;  0 In  the  gessmtry  U38ds  the  setter  ing^iw 

Final  Report  ©f  the  Past  Neutron  Data  Project,  NY0-63&O 

correction*  f„  usually  amounted  t©  four  per  ©sat® 

The  variation  of  the  neutron  hunting  rate  ass  th«  scatterer 
was  moved  in  a plane  perpendicular  to  the  target  * detector  axis' 
was  also  invest  igat<?>do  A misalignment  of  about  one -he if  inch 
gave  a negligible  @hango  in  the  ©minting  n-ats  provided  that 
the  scatterer  was  aligned  initially 0 

The  energy  spread  of  the  neutrons  was  determined  almost 
entirely  by  the  thickness  of  th®  Birooniuo-tritium  target  -,  In 
order  t@  measure  this  target  thickness,,  careful  measurements 
of  the  neutron  yield  in  the  forward  direction  were  taken 
(sae  Figure  12  K In  the  Appendix  the  shape  of  the  yield  wv® 
t©  be  expected  was  calculated  walng  several  reasonable  assumptions® 
If  only  one  uniform  target  was  employed,,  a departure  of  the  ex- 
perimental points  fro®  the  calculated  ourve  was  observed  in  much 

S Ji 

the  same  fashion  as  that  described  by  Bonner  and  But  lor  o Iff9 
® ' T,  h Bonner  and  Jo  Wo  Butler,  Physo  Rev0  S5P  1091  ( 3.951  io 
however,^  two  different  target  layers  were  assumed  to  c-cnetitute 


the  target,,  then  much  sf  tSe  discrepancy  was  removed 0 In 
particulars  IS"  88  per  cent  ©f  the  tritium  was  assumed  t©  be 
present  ia  a 3‘B  Kev  layer r and  directly  in  back  ©f  this 0 18 
psr  cent  of  the  tritium  was  assumed  to  be  present  is®  a 13  K®^ 
layer,,  than  a unique  fit  was  obtained  within  the  accuracy  of 
the  assumptions  involved*  The  3®c©nd  layer  ia  thought,  t©  b© 
due  to  an  absorption  of  the  tritium  in  the  wolfram  boosting 
onto  which  the  aireonium  was  evaporated c In  any  @a»$e  the 
neutron  energy  spread  ia  seen  to  be  due  to  a 40*45  Kev  thick 
target  o 

Aa  a check  on  thiar  the  narrow  resonance  in  the  total 
neutron  cross  section  of  magnesium  at  85  Kev  reported  by 

Q ) 

Fields  and  Walt  was  measured  with  our  source  of  neutrons* 

^ Ro  E0  Fields  and  M0  Waltr  Fhyffio  Rev0  8Jc  479  (1951)o 


Figure  13  shows  the  observed  neutron  energy  width  to  be  45^50 
Kev  in  agreement  with  the  target  thickness  pcredictiono 


Data 

The  gold  scattarer  consisted  of  a ©ne=half  inch  thick 
cylinder  of  pure  gold  1 3/4  inches  in  diameter o Figure  13 
gives  the  results  for  gold,  and  it  is  to  be  noted  that  those 
data  were  taken  before  installing  the  beam- spreaders  and  the 
water-can  absorbers 0 A comparison  of  ths  gold  data  with  either 
the  chlorine  or  phosphorus  data  shows  the  extent  of  the  reduction 

€ 
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An  th©>  fluctuations  affected  fey  the  us©  of  tno  'oQO.m  snrend«r;* 
and  th?  water  cans*  General  chock  points  wore  mad#  &\  geld 
after  the  spreaders  and  the  water  cans  ware  installed,,  and 
these  repeat  points  fel.1  right  along  the  avers ig®  11  n©  draw 
through  the  points » Pr<&»  th»s©  results,-  it  is  felt  that  the 

total  cross  section  for  gold  dees  not  have  resonance?#  in  th« 
energy  range  100  t©  700  K«v-  Furthermore  t this  magnitude  of 
the  cross  sect  ion  agrees  well  with  thus©  of  neighboring:  atomic 
weight  elements o 

The  total  cross  section  for  chlorine  was  meaaured  using 
C Cl^  in  a I 3/4  inch  diameter  cylinder „ 2 inches  in  length* 

Th*  effect  of  the  carbon  was  suDscquently  subtracted* using 

1 } 

the  carbon  cross  section  given  by  Adair  o Indications  of 
resonance©  occur  at  several  neutron  energies  and  ar©  separated 
by  about  100  Kev0 

The  total  crocs  section  for  phosphorus  was  measured ,,  mm 
A ng  white  phosphorus  cast  into  a 1 3/4  inch  diameter  cylinder.;, 

1 1/2  inches  in  length*  There  ar©  several  prominent  resonances 
in  this  energy  range b but  higher  resolution  experiments  which 
w#  hope  to  be  able  to  carry  out  probably  ar©  needed  to  giv® 

any  details  concerning  the  nature  of  the  resonances o The 

\ ) 

avsrage  value  agrees  well  with  that  reported  by  Adair  « 
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Appandijg 


Th®  forward  direction  yield  of  th®  RJ{  reaction 

fro® a a targe t of  finite  thickness  as  measured  by  our  finite- 
aised  ©©winter  (asaumad  to  bo  a flat  circular  disk)  13  given  by 

Y * {Non/4Ti  ) jj  ^ i 0),HE)  t d/L^/d  A.@  » d/b^/dilQ)  dA@  dr., 

where  Nq  la  the  number  of  protons  striking  the  target  per 
second,  a la  the  number  of  tritium  nuclei  per  cubic  centi- 
meter, © i»  the  laboratory  angle  measured  from  the  proton 
beam  direction,  ^ and  <j>  ^ ar«  the  two  ©enter  of  mass  angles 
from  which  emergent  neutrons  contribute  to  ths  laboratory  solid 
angle  d«ll@  and  ^ f } is  the  sonal  efficiency  ©f  the  detector « 

The  differential  cross  section  in  laboratory  co-ordinates  ha® 
been  calculated  with  the  assumption  that  the  differential 
or ©as  section  in  the  center  of  mass  co-ordinates  is  a constant o 
The  total  cross  sections, 0"( E)  is  then  only  a function  of  the 
energy  of  tha  proton  E in  ths  layer , dx„  of  the  target e 
For  convenience  in  integration,  a parameter 

k « / «J§0)1*/2  Cl  -•  EQ/E)i/2 

is  introduced  where  MR0  and  Mq  are  the  masses  of  the 
target8  residual,  bombarding  and  outgoing  particles  respectively 0 
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E is  the  threshold  energy  of  the  reaction  in  laboratory 
o® -ordinates o The  total  cross  section  of  the  reaction  is 
assumed  to  vary  as  (E  - E ) near  threshold  and  ainc©  the 
exact  variation  above  threshold  is  net  kn-mm...  A-  is  chosen 
for  convenience  in  integrating  to  bs  mieft  that  ^’'iso 
Th®  soirual  efficiency  of  the  counter  fa  ( 0 ) also  assumed  to 
be  a constant o 

3 3 

Using  the  dynamics  of  the  Hip, rOHfer  reaction,  the  value 
of  d jQ-^/di^,  may  be  found  aa  a function  of  and  The 
integration  then  may  be  carried  out  with  the  result  that 
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la  the  formulas  A i a an  untoscrm  'ssmat ant  spending  sm 
this  efficiency  of  the  counter  and  other  -constants  of  the 
reaction o a is  th«  energy  lose  par  cm  for  th*  proton  to^aa  in 

-3C-. 

tlia  target 9 © is  the  hall'  angle  subtended  by  the  counter 
J7o5©’’)  and  t is  the  thickness  of  the  target  in  ©mo  k i& 

the  value  of  k at  thf*.  front  edge  of  the  target  end  k„,  M th« 

“■  *% 

value  of  k at  the  lack  edge  of  the  target 3 each  for  aft  inci- 
dent proton  beam  of  energy  E^o 


Illc  INSTRUMENTATION  AND  FUTURE  REA SUR EM ENTS o 

The  neutrons  employed  in  the  msaauramfrRtg  of  this 
report  were  generated  by  deuteren  borabardraftnt  of  deuterium 
in  the  smaller  Bartol  Van  de  Graaff  generatsro  In  the  fall 
of  1951s,  this  smaller  generator  was  transferred  from  it® 
previous  location  to  the  new  off  -campus  nuclear  research 
©enter  of  the  Bartol  Research  Foundation o Much  ©f  th«  spring 
of  1952  was  consumed  in  bettering  the  performance  of  the  gen- 
erator,, For  example*,  the  bombarding  beam  of  magnet ically 
analysed  deuterons  was  increased  from  Oo5  to  1„0  microampere 
to  twenty  microamperes  faoilitating  infinitely  the  production 
of  neutrons  for  measurements  sueh  as  those  described  in 
Sections  I and  II  of  this  report o 

A Cockroft -Walton  set  which  has  been  previously  d»®~ 
exited  (Reference  3C  Section  I)„  is  being  transferred  t®  a 
building  of  its  owric  This  building  is  being  constructed  with 
exclusive  use  of  the  private  funds  of  the  Bartol  Foundation*. 
Neutrons  have  been  successfully  produced  in  this  generator*, 
but  slnoe  it  was  located  In  close  proximity  to  the  small 
generator*,  simultaneous  operation  of  the  two  accelerators 
became  impossible*. 

With  a view  to  applying  scintillation  counter  methods 
to  detection  of  neutrons  and  gamma  rays  involved  in  scatter- 
ing experiment a 9 two  complete  detection  units  ar®  being  built*, 
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Each  consists  of  photomultiplier,.  linear  amplifierp  single 
channel  pulse  height  discriminate  and  scaling  circuit. 

A coincidence  analyser  will  also  be  employed  for  noting  coin- 
cidences between  neutrons  and  gamma  rays. 

Using  the  2G-om  geometry  of  Figure  5,-  Section  I„  chromium 
has  been  irradiated  by  4 -Wav  neutrons 0 Iron  has  been  ir- 
radiated again  in  a new  geometry  whioh  will  be  described  in  a 
later  report.  These  exposures  have  been  .Just  completed  at 
the  time  of  writing  this  manuscript  and  the  associated  photo- 
graphic plates  have  not  been  analysed 0 It  was  planned  also 
to  irradiate  Bie  C9  and  Fe  in  the  20=  cat  geometry  o However B 
since  the  neutron  flux  is  so  great  for  22  microamperes  of 
million  volt  deuterens  the  tolerance  dosage  was  experienced 
in  a very  short  time  by  the  operating  or«7i  during  the  iron- 
chromium  bomfcardme nt s o It  has  therefore  become  necessary  tc 
postpone  temporarily  further  irradiations. 

It  will  be  recalled  that  so®*  time  ago  the  large 
Van  da  Graaff  generator  had  been  built  up  to  one -third  of 
its  final  height  and  tested  as  regards  voltage,,  beam  production,, 
and  operation.  The  success  of  these  tests  Justified  the  next 
stepB  the  extension  of  the  generator  to  its  full  height 0 This 
extension  has  been  carried  out  and  electrostatic  voltages  in 
excess  of  5 MV  have  been  obtained . 

The  full  length  of  the  accelerating  tubas  has  been  installed B 
together  with  the  ion  source.  Several  tests  relative  to  th©  ion 


beam  &r&  lender  n%yn  In  this  ©onnaoticn,,  electrostatic 

deflector  plates  and  the  suppressor  have  been  added  3u«t 
below  the  accelerating  tube  proptxo  Tlia  purpose  of  th© 
farmer  is  to  align  the  beam  and  that  of  the  latter  to 
suppress  back  electrons  0 

The  analysing  magnet  is  now  in  operating,,  although  a 
few  refinements  are  still  to  be  madeo  Essentially  all  the 
energy  controlling  mechanism  has  been  completed;  th®  ele- 
ments which  have  not  been  completed  await  the  beam  tests 
mentioned  above 0 It  is  expected  that,  barring  unforeseen 
oircumstanoesp  the  generator  will  be  operating  with  a focused 
beam  and  at  a voltage  In  excess  of  5 million  volts  in  about 
a month « 

The  above  progress  report  or  the  generator  has  bean 
included  because  it  is  intended  that  this  machine  shall  be 
used  in  connection  with  the  neutron  scattering  work,  per» 
mlttlng  neutron  beams  of  much  higher  energy  and  greater 
intensity  than  those  so  far  available  to  us« 
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X„  jiHBli.STIC  SCU&'SBRjEKS. 


KSdSUHl^ST  OF  3EDTH0S 


rK~v;’ ' 


la  the  foregoing  s east --annus  1 report,  results  rers 
presented  concerning  neutron^ocattzjrlng  fcroa  ircn=  A 
survey  of  various  geon»  tries  w&3  cazried  curt  with  the  ids* 
of  obtaining  one  which  provided  good  resolution  °.n<l  at  the 
sars  tiroo  was  relatively  staple « Oars  of  the  gecrnetries 
which  appeared  promising  was  that  of  the  20 -c»  "paraffin 
wedge" 9 This  arrangssenrt  is  depicted  in  figure  X»  As  a 
trial  scatterer*  a cylinder  of  chrooiitaa  was  ssaployed*  Tea 
scsitsrea  neutrons  were  detected  at  an  angle  of  SC°  Kith 
the  incident  neutrons  c A loekgrmrnd  iur  was  telzen  filth  no 
3 ec  iter  or  present  The  accumulated  background  was  sufc<= 

treated  from  the  data  obtained  when  the  sc&tterer  ess  pre- 
sent- The  baclcgroriy  data  **?  wel?  ss  tkosi.  with  sea  l here i 
present  wears  narralisad  to  take  properly  into  account  th* 
incident  neutron  flux  and  the  plate  <are»  scanned.  The 
resulting  spectrun  ir>  shown  in  Figure  2 where  it  is  cleor 
tfcat  three  resolved  groups  of  neutrons  arv  present*  The 
group  of  greatest  energy  is  tbs  clerically  ~scg  tiered  out*, 
OIhe  two  groups  of  neutrons  at  lower  energies  result  fresa 

the  inelastic  scattering  process  > They  would  corre spend 

S2 

to  fcenaatlon  of  Or  in  excited  states  at  ^1»45  and 

1.93  Me V,  The  broken  line  is  the  energy  distribution 
of  recoil  protons  corrected  for  variation  with  energv  of 
the  n-p  scattering  cross  section  and  acceptance  prooabiilt 
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GEOMETRY  FOR  DETECTION  OP  NEU2R0NS  SC  A PEERED  FROM  CHROMIUM 


•n«rgy=a»> 


Th*  gamma  r&ya  from  mutror.  scat  :er:\.VQ  in  ohro./iium  and 
their  relation  to  the  neutron  ypcctrum  will  hn  c:l ocusaod 

in  a later  section  of  thi3  report  „ 

GAMMA. -RAY  l MEASUREMENTS 

A geometry  fear  detecting  gam ma  rays  excited  in  tho 
ine  la  otic  scattering  process  is  given  in  Figure  5-  In 
this  arrangement , neutrons  are  produced  in  the  I.V0J  reaction 
at  the  target  of  tho  Van  dc  Oraaff  stntitron  and  proceed  to 
the  scattering  ring  of  material  about  tho  crystal  of  Kc*J=T.\ 
There  they  are  detected,  and  tha  pulso^height  distribution 
is  observed  in  a single  channel  pulse-height  discriminator. 

The  procedure  adopted  was  to  measure  tho  background  in 

tbs  scintillation  detector  and  then  measure-  the  total  count-* 

tug  rate,  background  and  contribution  from  trie  scattercr 

included*  The  background  was  measured  in  each  interval  of 

two  voltSp  the  dummy  scatter  or  being  au  graphite  ringo  Sine® 

* 1? 

the  first  excited  level  of  C is  at  4o43  Meve  tbs  carbon 
ring  contributed  no  gamma.  zmy  arising  from  any  int  .Utrtic 
scattering  effects <>  It  was  net  considered  correot  to  take 
the  measured  counting  rate  with  no  soatterer  present  at  *vll 
as  the  background,  because  the  scattering  ring  deflects 
neutrons  into  the  crystal  giving  rise  to  capture  gamma  ray « 
and  to  radioactivity,  the  25~minute  iodine  5 Tbs  high  energy 
beta -ray  spectrum  of  thi3  radioisotope  contributes  materially 
to  ths  background  counts 


In  Figure  4 i£  the  pul se  1 gh t distribution  of  the 

gerion  ray3  resulting  froxi  the  scattering  of  3»9  3£ov 
ganma  rays  by  chrositca  along  rith  the  iDachgyxjrnd  obtained 
t ith  the  carbon  ring  replacing  the  oetallic  statterex» 

It  should  perhaps  be  reaarked  that  no  oeasor scents  of  any 
kind  were  oocoenced  until  after  the  Tan  de  Grea tt  bed  been 
producing  neutrons  for  iiure  lhan  an  hour  to  bring  to  up-- 
proxtasate  equilibrium  tbs  activity*  In  Figure  5». 

similar  curves  are  presentee  for  graph  it  o and  lead* 

In  Figures  6,  ?4  8-  and.  9 ars  pulse=>noi#xt  distribu- 
tions with  background  subtracted  of  gaum  rays  emitted  in 
the  inelastic  scattering  process  by  iron  bissnrih  chroaion, 
and  lead*  "The  energies  and  relative  intensities  of  "the 
gaxEa  rays  are  aunsoariaed  in  Table  I* 
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FIGURE  9 

Guana  rays  excited  by  scattering  of  3 9-  Utr  neutrons  in  lead  (background 
-subtracted)  This  curve  ie  obtair.sd  by  treating  the  high  energy 
region  of  figure  5.  Because  cf  certain  experimental  uncertainties, 
the  region  of  Imsar  energy  was  not  analyzed  In  detail  for  lead 


The  relative  Intensities  of  tie  gurus  rays  e.re  por  et 03 
of  element  present  per  in  it  of  neutron  flux3  Tfcus3  the 
intensities  can  he  compared  among  themael/esp  irrespective 
of  element*  Por  example,  the  ratio  of  ths  intensity  of  the 
2*65  Sev  garam  ray  of  lead  to  that  of  the  0*85  Mev  gasno. 
ray  of  iron  is  450*680,  if  equal  numbers  of  lead  end  iron 
•toms  ere  irradiated  by  fast  neutrons  of  energy  3>9=*ev* 

In  arriving:  at  the  relative  intensities  of  Table  If  it  was 
necessary  to  attempt  to  take  into  account  the  attenuation 
©f  neutrons  and  gsnata  rays  in  the  ring  scatterera*  Several 
approximations  are  involved}  so  it  la  thought  that  the  re- 
sults are  accurate  only  to  a ffeotcr  or  2 car  3° 

The  method  of  analysis  of  the  games -ray  spectra  should 

no*  be  considered*  in  Figure  10  is  shoan  the  g^ansa^ray 
24 

spectrum  of  & « This  curve  ie  readily  interpretable o 

The  photoelectric  peak  of  the  2 >76  Kev  gamma  ray  ia  rtreseut* 

fol  leered  by  escape  pee  Ice  at  2*25  and  1-74  Hev  sMeb  ere 

superposed  upon  the  Compton  distribution*  The  photoelectric 

peak  at  the  1*33  Mev  radiation  also  appears  and  eomewhat 

lower  ie  energy  is  the  associated  Compton  edge-.  The  spectra* 

of  5e^  aes  observed  with  the  radioactive  source  within  the 

lead  scattering  ring  in  the  gee  no  try  of  Figure  3P  outside 

the  ring,  and  directly  In  front  of  the  scirrt  illitiOEt° 

counting  crystal*  The  three  spectre  did  not  differ  materially 

among  themselves*  Tray  all  resembled  Figure  10  which  me 

24 

taken  with  the  source  of  Ba  ' in  front  of  the  crystal  * T>.* 

value  cf  this  curve  in  caking  an  analysis  is  Immediately 


=4** 


evident •>  For  example * the  photoelectric  peek  and  ifxst 


escape  peak  of  the  2,66  Jitv  g^ara  ray  are  dearly  recognise 
able  in  Figure  9 on  comparing  them  with  the  photc=peak  and 
ftret  ecvo»pe<=peak  of  the  2*76  Hrr  gesaa  ray  of  3 fe2** 

Similar  comparisons  shew  that  a 2,66  Mev  garnet,  ray  is  excited 
is  bismuth  as  shewn  in  Figure  7*  However.  the  high  energy 
edge  of  the  pheto-peak  does  net  drop  off  lap  idly.  Instead,, 
it  drops  slowly,  suggesting  the  presence  of  gaiena  radiation 
of  higher  energy;  An  indication  of  a photo-peak  appears  at 
* ^ 3*26  Kev*  The  gara»-ray  spectrum  of  iror.  given  in 
Figure  6S  exhibits  peaks  which  are  conservatively  Inter- 
preted as  two  gamma  rays  having  respectively  energies  of 
0*85  »ev  and  2*15  Kevc  The  peak  lower  in  eaiergy  and  ed>icer  * 
to  the  photo-peak  at  2*15  &ev  la  at  present  interpreted  as 
hi  escape  peak*  Ganra  rays  of  energies  greater  than  2 c 15  Hr' 
are  clearly  present  but  are  not  specifically  identified  in 
energy*  The  bulk  of  the  gaum  radiation  of  chromium  is 
evidently  concentrated  in  a gamma  ray  at  1,45  Mev  as  shewn 
is  Figure  8*  Ganna  rays  of  higher  energy  are  also  present  . 
The  gama  ray  of  energy  1,45  BEev  is  thought  to  be  exalted 
i,  cr52.  and  the  gartss.  rays  of  higher  energy  are  thought  to 
be  emitted  from  other  isotopes  of  chroniuH*  The  relative 
2 ectopic  abundance  of  Cr^  is  82  per  cent , The  gaama  rays 
of  higher  energy  are  thought  not  to  be  emitted  from  Cr*^, 

1 3 cause  the  spin  values  of  its  energy  levels  make  cress- 
tver  transitions  of  energies  greater  then  1*45  Hev  very  ic= 
probable*  In  Figures  6,  7,  and  9*  the  spectra  for  iron* 
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bismuth^  and  lead,  it  is  fco  b«  noted  that  t>n  intensive 
gasra  ray  apjeara  at  0„>51  This  is  e t<f  course  , the 

annihilation  radiation  resulting  from  pair  production  by 
the  high  energy  game,  re,  ye  wi  thin  the  ring  scattsrcre 

thecselves  * 

Returning  to  the  photographic  piste  eueetrun  of 
Figure  2,  it  3hculd  be  nertsd  that  although  the  STev 

gsmra  ray  corresponds  properly  to  the  energy  difference- 
between  the  elastic  group  and  the  scars  energetic  inelastic 
one,  no  ganasa  ray  was  detected  corresponding  to  the  energy 
difference  between  the  two  inelastic  groups.  The  precis** 
explanation  for  this  discrepancy  between  the  gamse  ray  and. 
neutron  asasureraenta  rosy  have  either  of  two  fomsi 

1)  The  least  energetic  group  of  neutrons  in  the 
spectms  of  Figure  2 ney  result  fro  a scattering 
of  neutrons  fro®  the  paraffin  T»edge  Into  the 
chromium  scattersr  and  thencs  to  the  phot c graphic 
plates.  The  bachgro und  run  should  have  been  tab  on 
with  a oarbon  cylinder  in  place  of  tbs  cbrcaiusj 
cylinder.  Instead*  the  background  was  simply 
collected  with  the  chrouiltm  acBtlrrsr  rensvad  arrl 
nothing  taking  its  place® 

2)  The  ganma-ray  spectrum  of  cirociun  rises  stcsdily 
below  0*7  Ser»  foe  counting  rate  is  rot  isoediately 
inter  pretab le ^ The  pile-up  c c counts  in  the  region 

-*&=> 


of  Ion  energy  trfey  be  related  scattered  gmrj;*. 
radiation  ’-Tuvins  its  origin  in  various  parts  of 
tha  Van  die  Gxaaff  statitron  and  obscuring  the 
sought  for  gnmaa  ray  corresponding  to  the  energy 
difference  between  the  two  ins  law  tie  groups  of 
neutrons o 

It  is  hoped  that  these  several  difficulties  will  b» 
resolved  in  the  near  future « 


II.  TOTAL  CROSS  SECIICHSj  A5GUIA?.  DISTRIBUTION  0? 

BIASTIC  SCATTERING;  XKBIA.STIC  CROPS  SECTIONS. 

Introduction 

Measurements  of  the  angular  distribution  of  feat  neutrons 
scattered  faros  a largo  number  of  element#  have  oven  reported 

1 9 

previously  by  KJLkuahi  and  Aafci  at  al 0 - and  Aaaldl  at  al.  la 

which  tbs  aain  features  of  the  distribution  could  be  explained 

as  the  diffraction  offsets  dus  to  the  scattearing  of  neutron 

saves  by  spherical  particles*  Kars  recently  Remand  end  Hloano^ 

haw  measured  angular  distribution  of  3.7  Mev  neutrons  scattered 

from  carbon  while  Kelt  and  Barvofcell*  , using  1«,GG  Mev  neutrons 

have  reported  tbs  angular  distributions  for  a large  number  of 

cleaMBtSe  Feshback,  Porter  end  weieskopf^,  using  a aodlfioatlan 

of  tbs  oczrtinuum  theory  of  nuclear  reactions,  have  reproduced 

the  average  features  of  the  total  neutron  arose  section  versa?* 

energy  and  atonic  number  as  measured  by  Earache  11®,  Feshbaok,, 

7 

Porter,  and  Welearopf  have  also  ooaputed  the  angular  distribu- 
tions of  elastloally«soattered  neutrons  using  this  same  siodi Cita- 
tion of  the  continuum  theory  and  the  genexml  features  agree 

i 

rather  mall  with  the  measurements  of  Walt  and  Bar  sc  hall % Our 
measurements  on  aluminum,  iron  and  lead,,  using  3.7  Her  neutrons, 
were  undertaken  with  the  thought  that  the  angular  distribution 
in  this  energy  range  would  be  of  value  In  vi ess  of  the  present 
theoretical  considerations . 


Experimental 

Figure  1 shows  the  experimental  arrangement  that  was  used 
to  leonire  the  distribution  of  neutrons  scattered  free* 


aluminum,,  Iron  ana  le&cU  Tho  noiroe  of  neutrons  is  a clyambfcr 

of  deuterium  gas  at  0o5  atmonphere  a rA  2*0  on  in  depth  bombeided 

with  about  10  microamperes  of  1*0  Mev  deuterons  which  af  t*r  pasa~ 

ing  through  the  iiiokel  foil  ami  gas  have  a mean  energy  of  about 

C»o65  M«Vo  These  neutrons  are  detected  by  a pressure  molded 

8 

Luclte~sino  sulphide  button  mounted  directly  on  the  face  of  an 

RCA.  5819  photomultiplier*  The  direct  beam  is  cut  out  by  a suit® 

ably  tapered  10  inch  long*,  1 1/8  inch  diameter  iron  cylinder. 

The  scatterer  ms  chosen  to  have  the  shape  of  a ring  in  order  to 

irereest  as  much  as  possible  the  number  of  scattered  neutrcncK 

The  scattering  angle  0 is  varied  by  moving  the  scattering  rings 

laterally,  and  by  using  rings  of  various  sices*  Per  angle# 

h.  tween  52°  and  140°  degrees g 8 inch  0*D0  rings  were  used  with 

a mean  source°detector  distance  R of  40  ©a*  Peer  © between 

o 

2 a degrees  and  52  degrees „ 6 0*35*  inch  rings  were  used  with  It. 
e ual  to  60  em*  For  tho  point  at  15®  a 4*  OoD*  rings  were  u»-»*L 
with  R.  equal  to  72  oma 

In  order  to  discuss  the  measurements  that  must  be  mad#  to 
arrive  at  the  differential  scattering  cross  section,,  it  i»  c:n® 
vs. nient  to  define  several  quantities*  For  a given  number  of 
neutrons  emitted  by  the  neutron  source 0 let  5g  be  the  number  of 
noutrons  recorded  by  the  detector  with  the  soatterer  and  direct 
bees  attenuates*  in  place  o let  Kg  fc«  the  number  of  neutrons 
tv»cted  with  the  soatterer  removed  and  let  ^ be  the  number  o:i 
neutrons  recorded  with  the  scatterer  and  attenuator  removed  o 
Tia  3g  is  the  number  of  scattered  neutrons  recorded  by  th(, 
detector  that  originate  in  the  source,  and  is  the  number 


®9 


©f  neutrons  direct  fron  the  source  ti<%t  a:t»  recorded  by  tb» 
dotector<,  Let  the  scattering  ratio  be  defined  as 


o - { hc(  -Fg  V ( i - 

Appendix  I then  shows  that  tb«  scatter  f.ng  S la  related 

to  the  apparent  differential  scattering  cross  section  { & 1 
tnreogh  the  relation 


S * 


IC®.)/I(0) 


^2  1 ° q:  ^)A'\  JnTPt® 9)9X${*#Ta&) 
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*»  lore  1(6^  ) is  the  number  of  neutrons  twitted  fxx>3i  tbs  source*’ 

% ir  eteradlan  per  unit  monitor  fl uxr  Al&u)  is  the  angular 
* msitivity  of  the  neutroix  detector  nornelifted  to  unity  at  *nro 
irigl«f,  EtE^)  ie  the  energy  aenaitivi  wy  of  the  neutron  deteat or 

r mw&lised  to  unity  for  tbs  energy'  of  the  direct  b*®mp  nV  is 
tie  number  of  scattering  nuclei „ (T  in  the  total* scattering  o'^as 
« lotion*  and’.  Fdlg)  is  an  attenuation  factor  which  la  defined 
it  ire  fully  in  Appendix  Io 

In  general 0 the  scattering  ratio  S x*  made  up  of  a sum 
t ? term*  S * S,  ♦ 8,,  ♦ ete0l)  whiter*  S<»p  S0p  ©tea  refer  to  the 
r ra  Irons  scattered  into  the  detector  by  single  scattering,, 
d ouble  scattering,,  etCo  Thus , £r  ( © } 1*  simply  a aetasuxe  of 
the  differential  scattering  cross  section,*  assuming  that  all 
i iiutrons  are  singly  scattered*,  since  <r(  O)  becomes  exactly 


-IQ* 


^ ( 6}  if  8 1$  .replaced  by  S-10  In  et-der  to  aeye-.ru't«*  -.she  cck- 


et«ur  or»  rae&eureo  tl)«  scatters  ng  ratio  5 f:r 


poneir&s 

* flared  angle  ©as  e function  of  the-  euial  thickness  of  In** 
r3ng  scatterer  do  The  veins  o£&%&)  at  4 * 0 is  then  tsb® 
leverage  differential  scattering  -cross  section  for  ail  eoititered 
3 -fcutrons  ( elRSti®  end  in<&  lAiati© ) iwightad  according  vw  tl3J?> 
energy  seneitivity  of  the  detector  E(IJt)s  In  the  Ideal  ©*aee 
if  the  energy  sensitivity  curve  adequately  dic«r:tiaimt«sj  agu  1 nat 
the  ine last ioally  scattered  neutrons 0 the  above  value  of  0-1  < * ) 
for  d * 0 boooroes  th®  differential.  «ross  s^tsstion  fat  elastic 
’scattering  6s ( 0)« 

In  order  to  measure  (f  ( 0)  it  1a  necessary  to  consider  the 

following  factors  & 

Io  Energy  re  go  lut  ion  af  incident  neutron**  'She  mean 

<H» — ■MWbewiefc— — ww mcxr»wm cm> ■»nwi.,a>«»w<tm>ii««nw,’Ktji,'itviw"ti»,t» -VMM  wrwjtM  - ■ nwTm>»- 

energy  of  the  neutrons  incident  or.  the  ecAttarer  -varies  between 
b«i7Q  Mev  and  3c74  Mev  appending  on  the  angle  0^  a The  energy 
spread  in  the  beam  due  to  target  thioiroesr?  and  voit&ge  stability 
cf  the  generator  i»  about  200  Kevc 

:io  Heutron  flux  monitor » A proportional.,  counter  filled 
if--4th  one  atmosphere  of  butane  was  placed  very  olofc-s  to  the 
target  chamber  ut  90  dugraes  with  reapaot  to  the  souths- 
detector  aria 0 The  din  eliminator  m*w  set  to  reject  those 
? ieutrons  that  were  produced  from  the  0 (draj  reaction  in 
the  vicinity  of  the  magnet  boxo  A© dually.  «oi©e  di.ffics.ilty  me 
xperleneed  in  obtaining  a constant  direct  beam  neutron  count 
per  unit  monitor  count  after  the  target  chamber  was  filled 


’!!■= 


^fith  deuterium*  Th-a  je.ttfrxrj  of  oh *n hcwo  v'».r  , 


vsr.a  slmi'J.nr 


in  **aeh  o«s«  and  seemed  to  indicate  that  3o:ca®  of  th©  deuterium 
gas  w,s  absorbed  into  the  walls  of  the  ohani'bero  After  fcbcufc 
an  hour  or  two  a ratio  was  obtained  th&vt  wr*.»  constant  to 

♦ 5 por  o*rrt0 

3o  Measurement  of  S,,  la  general  c th*  direct  be«a  ©our  fc 
ms  about  15000  times  tho  scattered  b«.a.fa  count  and  the  attend 
mted  diroot  boem  ooiuit  varied  fxtm  40  per  went  to  90  per  ce  it 
of  the  scattered  beam  count  , t-ach  depending  on  the  si*e  and 
position  of  tho  »catt*r«ro 


4 ° Special  distribution  of  n^utroo  ac^xrogto  The  5'^  « #5 
count  exhibited  within  e few  per  ©«nt  mu  inverse  ar^aare  mri.i.fcien 

* 1th  distance  from  the  target  chamber c 

5 o Angular  variation  of  tho  neutron  f liui  frox  thg  Q--Q 
i eaction*  I(S^)/I(0vK  ThJ.e  qwmtity  %is  ooraputfti  iron  the 
c ata  published  by  Hunter  and  Riohfcrd*  - 

60  Measurement  of  nVo  the  manbar  of  scattering  rraelwl <■ 

; aoh  scattorer  wan  weighed  on  a suitable  IwxJance  to  about  cue* 

i or  cent  aoouraoyo 

7 o Angular  variation  in  sensitivity  of  t l^ll'rrtroa 
> etcctoqro  A(0gjo  Thin  quantity  varied  by  ^berat  25  per  cent 
over  the  range  of  la  this  ©xporiooirt  o The  r&lua  of 

i ((#g)  was  measured  to  within  about  5 per  coat  by  rotating  tiis 
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fiittofe  about  sa  * xl. s through  the  2©t«oi*:-r  perpendicular 

to  the  a ource  =dt  teet or  uxlr.c 

Sc  Keasssrejent  of  thi  tctai  erc.*s  g option  This 

was  teeasirec  by  using  1 1/S  inch  diaa.eter  1 in  oh  long 

cylinder*  of  alunirmc  4.  iron  .and  It  ad , The  cross  section* 

obtained  fear  ® 3©7  Eev  ware  <€r(A2.}  * 2 , 5 5 fcsm*e 

*fl3r»)  - 5 terns,  and  <T(Pb>  **  7 -.60  bam*  each  in  agrsie^ 

1C< 

went  with  the  values  obtained  by  Boroaon  and  Darden  © Thti 
scattariag^lB  corrections  were  0,75,  2*4  v and  4®5  per  ©cut 
respectively  , for  Be  and  Pb?  and  were  obtained  froc  our 
aeasurmamts  of  the  differential  crocs  section  <« 

9o  The  attenuation  feotor,  ?>  Thi*  factor  'varied  tr-m 
unity  by  aa  ouch  as  14  per  cent  depending  on  the  else  and 
amp*  of  the  seatterer©  Thia  quantity  1*  discussed  briefly 
in  Appendix  I and  a graph  of  it*  variation  is  given  in 

Rig©  2-© 

10c  Geoawtrleal  Meusureaents  > ileasuresRsnt*  of  distance 
were  oarriti  out  to  about'  * 1 aillixeteri.  The  oca* eluent 
ealculatlcn  of  wean  angles  is  thus  accurate  to  about  cm* 
per  oente  However*  because  of  the  finite  sis*  of  the  d»  = 
tester  (1  inch  dtaneter,  5/8  inch  height)  «cd  the  finite 
else  of  the  soatterers,  the  detected  neutrons  are  received 
over  a range  of  angles  of  about  * 10  degrees  in  the  nrtt 
ease  near  # * 90  degrees- 


=15- 


11  o Variation  of  the  sensitivity  of  tne  detector  with 
neutron  energy.  This  was  measured  by  comparing  our  measure  - 
mezrt  of  the  angular  distribution  of  neutrons  from  th©  D=I> 
reaction  with  those  of  Hunter  and  Richards^  th©  discreixin-  y 
being  ascribed  to  a non-uniform  efficiency  in  our  detector 
As  nay  be  seen  in  Figo  3 9 the  sensitivity  only  drops  off 
slowly  with  decreasing  neutron  energy P decreasing  by  40 

per  cent  in  1 Mev,>  Sinoe  it  is  desired  to  discriminate 
against  neutrons  that  have  lost  more  than  200  K*v0  this  con- 
stitutes a serious  objection  to  the  use  of  the  Luoite-sin® 
sulphide  detector  in  this  experiment  o Hcarererj,  if  the  in® 
elastically  scattered  neutrons  are  more  uniformly  distributed 
in  angle  than  the  elastically  scattered  neutrons  0 then  the 
general  features  of  the  differential  cross  section  for  elastic 
scattering  will  still  be  evident o In  any  case  the  value  ob- 
tained for  CTO)  aust  be  such  that  the  total  cross  section 
gotten  by  integrating  -Tl  & ) is  less  than  the  measured  total 
cross  section*  That  this  Is  the  case  will  be  shown  later o 

12  o Sensitivity  of  counter  to  gamma  rayso  ffeutron 
detector  Must  not  count  the  gamma  rays  resulting  from  the 
inelastic  scattering  of  neutrons  o An  ampoule  containing 
Ool  milligram  of  radium  ms  placed  directly  on  the  huoit«  ~ 
nine  sulphide  detector  and  gave  a negligible  counting  rate 
(less  than  1 count  In  100  seoonds)» 
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15  » Eighar  order  EC3fccorir.g . 

£CCCU!lt  of  the  method  uxed  In  this  3x-»riEartt  tc-  slier.'  for 
double  scattering  ■>  Essentially  it  involvas  placing  an  upper 
and  lower  bound  on  tl»  possible  values  oi  7 ( © j Tor  an  oc 
served  sequence  oi!  value*  of  5"(  ^ ) ac  a f unction  oi’  the  &x:.st  1 
thickness  of  the  ring-  The  first  calculation  esr  ii-c/tea  tbu 
nature  of  the  variation  of  W ( 0 } with  d/e  under  the  aasirrriioQ 
of  isotropic  scattering,  This  is  given  by  Bq,  (15)  which, 
after  comparing  with  Pig*  ♦-  is  seen  to  reduce  to  the  prac- 
tical f crania 

« 

Cft  © ) «<Tj©>  = o262  & (©)  (2) 

3 

wfcers  WA  ©)  is  tfes  intercept  at  d/a  * 0 of  the  linear 
° _*  _ 

parties  of  the  ouxve  and  <f  ( 0 } is  the  slope  of  the  £T  ( # ) 

versos  d/a  curve  is  the  linear  portion  o 

The  second  calculation  states  that  if  the  angular  dig  > 

tribution  is  peaked  strongly  forwardt  than  one  expect*  the': 

the  double  scattering  contribution  will  cause  t7  ( 0 ) to  be 

a linear  function  of  d or  d/a*  In  this  out  Cr  ( 0 ) is  tb* 

o 

true  differential  scattering  cross  section c Both  of  these 
extrapolations  are  presented  on  the  graphs. 

If  triple  scattering  is  present^  tnaa  £?*(©}  should  in 
a quadratic  function  of  d or  d/a  for  the  case  in  which  there 
is  a strong  forward  peeking  of  the  scattering*  Figure  5 for 


r~' 


;*/'?}'  0 


0.2  Orfc  0 6 Or  8 


oF  (6)  burna/iibaradlan 


#■ 


the  ca9«  or  iron  showa  soma  indication  of  the  pxtssenoo  of 
triple  guttering,,  he we-rar*  the  ejrperiroentei  uncertainty  ic 
*600  large  to  consider  this  definite 0 No  attempt  wa«  nrndo  to 
remove  the  triple  scattering  <2 ontn but  1 ona  -» 

A.  typioal  run  of  data  wan  made  an  follower  (1)  direct 
btasnj  (2)  attenuated  beamg  (3)  oca  Stored  team  from  cm  of 
the  rings  far  all  values  of  the  scattering  angle  $ (4) 

attenuated  beam j (3)  direct  heasio  If  the  two  values  of  the 
direct  beam  determination  differed  by  more  than  10  per  esnt, 
the  data  warni  discarded? 


DATA 

• • 

Figure®  6,  7*  and  8 show  the  experimental  point*  of  the 
apparent  differential  cross  section  for  3o7  Mev  neutrons 
incident  on  aluminum  0 lrone  and  lead  as  oaloulated  from 
1:4 0 (1)<>  Only  a limited  number  of  angles  were  chosen  in 
crier  to  determine  the  effects  of  higher  order  scattering  * 

Figure  5 shows  the  variation  of  CT(@)  as  a functica  of  the 
ring  thickness  for  the  case  of  irono  In  the  same  manner  0 
similar  curves  were  obtained  for  lead  and  aluminum » She 
extrapolations  both  for  lsotropio  scattering  and  forward 
peaked  scattering  are  shown  in  Figures  69  7„  and  8 where  a 
curve  is  drown  through  the  points  thought  to  be  the  appropriate 
differential  arose  seotion,  £r(  B ) for  each  ease®  The  total 
cross  sections  oerre spend ing  to  Cf  ( S' ) hare  been  calculated 
rnd  are  presented!  together  Tilth  the  measured  total  cross  section 
in  Table  Xo  Xt  will  be  noted  that  the  integrated  differential 
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FIGURE  8v  Angular  distribution  of  3 o7  Mev  neutrons  scat-tired 

from  leads  Other  remarks  in  cap Sion  of  50, g,  S «pply 

here  alss* 
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otcbs  sections  In  o?.\eh  ear^c  is  leas  than  thr.  me-asurad.  soi&I 
cross  emotion o The  total  inelastic  cross  section  cannot  to 
obtained  as  the  difference  between  the  two  former  cross 
neot Jons  since  the  rceasurement  of  the  differential  cross 
section  did  not  discriminate  adequately  against  the  inelas^ 
tically  scavtrtered  neutrons  o However t)  this  subtraction  can 
b«  carried  out  approximately  if  one  *ocepts  the  following 
rather  crude  estimate  of  the  inelastic  contribution  to 
(1  (Cl) * There  are  seven  levels  in  aluni nua  that  o»ta  b« 
ti  cited  by  3o7  Mev  neutrons  o If  w#  assume  that  the  madLaw, 
t )t»l  inelastic  cross  section  is  about  50  per  cent  of  the  total 
cross  section*,  and  that  the  seven  levels  in  aluminum  oro  equally 
e.iCitody  then  the  inelastic  neutrons  contribute  less  than  15 
por  cent  to  the  total  cross  sections  corresponding  to  <T  ( & ) r. 

S unilar  ar^suments  using  the  knora  levels  in  iron  arid  lead  eh  era: 
tiiat  the  inelastic  contribution  in  these  elements  is  less  thxn 
20  per  cento 


17- 


I 

I 


APP32N.D1X  I * SCATTER  ' Op  flKUTBOKS  THROUGH  R1UG  SCATTERER  m 
SINGLE  SCATTERING, 


In  general^  the  scattering  r&tionis  nsae  up  of  & ewa  of 


»»•>=.  o , o where  S^9  SgB  et?o o refer  to  the 


terms  s * sx  + S2  4 ‘ 
nertrons  scattered  Into  the  detector  by  airigTe  scattering, 
doable  8oatterlng0  etc  o For  the  single  scattering  c&jse 
(Tigs*  1 and  9a)  we  i-java 


jT  * . | 

^/f  a<G)n  «x3?j-€rn(r1  + r2)|,A(92)E(B..)d?  C5) 


The  geometry  ia  cuch  that  only  siraXl  orr ore  will  be 
ir  ;roduced  if  Eq0  (3)  is  replaced  by 


V 


iiep/KojJ  »jH,2/&1aa2a"|.'  o‘(»)n&( 


82)E(En)VP(®2).jJ>(!=  srnd ) (4) 


wh  ire 


f* 


P * T *J  exp 
7 


^orntr^  ♦ rg^d)!  dV 


( 5 ) 


an 'l  tho  mean  angle®  and  distance®  aeo  aeon  fear  Sg,  Hq9  ■-! 
an  1 Roo  Per  a fixed  aixe  of  ring  ®.?att*rer8  the  <juantity  P ie 

4* 

a hmotion  of  ©^  and  Sg0  F.5owerer0  sine®  only  ?ari»®  fro.ii 


1 * 


l I 


1BC 


* I 


FIGURE  9 


DETAIL  OP  SCATTERING  GEOMETRY t (a)  single 
scattering;  (b)  double  scattering . 


about  5°  to  15°  a little  srror  and  :moh  n in-pi  Afloat  Ion  is 
introduced  by  computing  I*  for  £..  = 0,  For  the  rect«ngu3;f.r 
cross  section  of  our  rewcfct^rar,  is  hs  integral  F ray  b<r  evaluated 
in  fcariLS  of  elementary  tVr.otion*  > The  results*,  or®  displays 

in  Figure  2o 

If  only  single  oeatt  earing  wex*  present.,  the  tfaantity  3S 

.V 

could  be  replaced  by  the  measured  data  S and  the  differential 
cross  s notion  a3!  § ) could  bo  calculated  o In  any  case  the 
reduction  of  the>  data  is  facilitated  by  defining  an  effective 
3xngla  scattering  differential  cross  section  Cc=t  e } ouch  thfvt 
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«.  <rr 

* ji(«1)/i(o) 


afpehdix  i~o  scA.TTEro.»c  v*  HEuirioss  ::iiaou«3  irr 

BY  DOUBLE  3Q“L'iiBftr'Tf*  . 


Being  the  qu&nvvt.tes  defin'd  in  El gures  .1  and  9b-  th* 
•ioubli  scattering  y&tio  is  seen  to  b# 


)/I(0 


O' 


C 0-1  1 


in* exp 


Cfn  ( r*  + r 


X % 


Ate 


<H  i 

« 


hs  Mv,dv* 

n A 2 


An  analytical  solution  of  thin  integral  ctaias  %uit® 
involved p if  not  hoj>eIeaKp  for  the  geometry  of  the  ring 
ocfctterero  In  or  dor  to  gat  soasc  £>  aling  for  the  runner  in 
which  the  double  scattering  varies  vsith  the  thickness  of  the 
ring,,  He  have  chosen  to  calculate  the  r-rtfwight  through  dcuhJ.s 
scattering  frora  at  right  circular  cylinder  assuming  isotropJ 

j 

scattering  ( €T(  © ) *»  constant  K>  In  order  to  simplify  this 
case  as  much  as  possible,  let  th®  nauiron  bean20  incident  on 
the  circular  end  of  the  cylinder „ be  parallel  to  the  oylinv.er 
axl3y  and  let  the  detector  sensitivities  A(>£  « £(,&  ) » 1„ 

Alee  1st  + rg  b®  r^pl^ced  by  an  approscLiaat*  mean  value  &? 
the  thicknoss  of  the  cylinder?  Equation  (7)  then  reduces  1: 


oxp(  ®Qpnd ) 


J 


I 
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’3Xp( « 


V v V 

VI  2 


1 

3 


dS  +ha  exponential  function  Is  ex par. usd.  and-  the  first  thvat 

terms  r*tained9  reduces  to  the  following: 


S, 


•V.4A6R22U 

C e!> 


ftXpC  •=&  nd ) - $ J.~  CJ  ndT 


J 2 2 

or  E a 


£ ) 


(9) 


X * «2a2/»**3nd/a  + 2d2/*2Sli;  h^d/'Pfc 


+ Cos  halU  * *2/8©2)  f 2da/s*-d4/4®4 


«( l«42/g»2 ) c ^ ( 1 ♦ <t2  ,/fc*2 ) 2 


1/2 


( it'j 


md 


T » 


<b 


K? 


8/  ^xd/Sm^Woxd/Re^.ln  h(xfl/2«0j  J^xjSia  x,*,/*4  (Hi  ‘ 
A. 


2 ® d2/u2 


Bis  Integration  of  x ms  faoilit&tsd  by  the  use  of  & 

12 

theorem  in  vsotor  analysis  « Th*  Integration  of  T o&n  t« 
affected  by  reoognising  that  the  integral  correspond*  to  ths 
sleetrostatie  energy  of  u uniform  rolurae  d -ctributloa  of 
shargs^o 


( 12 ) 


<=2l,c* 


1 1 the  single  scattering  thc±i 


hIcvJstv' 


right  circular  cylinder  under  s.sii  _iap*c long;  than  the 

effective  single  scattering  cross  section  is  given  by 


r/c;  **  1 ♦ < ems/* ) e(  e/a  > 
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ia«rt 


C*  d/o ) = ia/c  >(X-  'TxsaT 


* £L 

C i f— 


> 14  i 


sad  is  written  only  as  a function  o'"  t:/&  £1»kj«  it  varies  : o' 

S’ lowly  with  as  nay  be  scon  ir-  ^u-e  4i  consider!^ 

1 » cean  curve  to  apply  to  all  cases  ox'  interest  the  func-ic  G 
1 scores  a function  of  d/a  only, 

To  apply  the  calculations  of  the  right  circular  cylinlc  - 
i > the  case  of  the  ring  scatterer*  wa  assume  that  except  for 
a lltiplying  angular  functions,  the  gsoretriual  variation  < f 
1 le  single  and  double  scattering  ratios  ir  given  correctly  a 
f fter  associating  the  radial  thickness  of  the  ring  scatter** 

1 * with  the  radius  of  the  cylinder,  n- 

Ifs  inrtted  of  isctrc-pic  scattering,  one  tares  the  or he 
< rtrsne  of  rr*  angultr  distribution  reeled  strongly  In  the 
1 rnrard  direction,  one  finds  tret  the  srnglo  scattering- iv.ric 
j 1 the  ring  scattering  varies  sc  d « :n>  (®«r'nd)  eheroc.c  the 
c mbic  scat*  ering  rr.tic  varies  as  d ctp  ( r’nd ) 1 thus  leed*  5 
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to  a linaax*  variation  c cf  the  apparent  single  scattering  cross, 
section  frith  th«  thickness  or  the*  ring® 
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INELASTIC  SCATTERING „ 


A . Introduction . 

In  the  previous  semi  'annual  report  incorrectly  dated 
February  1,  1953  - June  30,  1953  (it  should  have  been 
designated  as  January  1„  1953  - June  30c  1953)  experiments 
falling  in  two  different  categories  were  described*,  The 
first  group  of  measurements  concerned  themselves  for  the 
most  part  with  a study  of  gamma  rays  excited  in  the  nuclei 
of  various  elements  by  the  inelastic  scattering  of  neutrons 
of  energy  about  3.9  Mev,  The  remainder  of  the  report  dealt 
with  elastic  scattering  of  neutrons  of  about  the  same  energy 
in  aluminum,  iron,  and  lead.  From  the  elastic  scattering 
data  certain  aspects  of  the  inelastic  scattering  process  are 
inferred . 

In  the  six  months  following  the  above  mentioned  report, 
additional  results  dealing  with  the  previously  discussed 
measurements  have  been  obtained.  The  smaller  Bartol 
Van  de  Graaff  generator  has  served  as  the  neutron  source 
throughout  the  course  of  this  work, 

B . Gamma  Rays  Excited  by  Inelastic  Scattering  of  3*» 6HMev 

Neutrons  in  Nickel,  Copper,  Zirconium,  and  wolfram. 

The  geometry  employed  for  detection  of  the  gamma  rays 
is  shown  in  Figure  1,  All  of  the  measurements  obtained  to 
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date  have  been  taken  by  ceens  of  single  channel  pulse, 
he  if  Jit  analysis  * A tv.er.ty  channel  mult  i “Channel  dis- 
criminator mill  be  available  in  the  future  to  shorten  the 
time  to  acquire  such  data. 

As  in  the  case  of  the  previous  serai -annual  report , the 
background  was  taken  to  be  that  indicated  by  a carbon  scatterer* 
The  background  is  assumed  to  arise  from  neutrons  having  been 
elastically  scattered  into  the  sodium  iodide  and  there  cap- 
tured to  give  rise  to  capture  gairrsa  rays  which  are  in  turn 
counted  in  the  crystal*  The  carbon  run  is  considered  to  be 
a "blank" f because  the  first  excited  state  of  C occurs  at 
4*5  #ev  above  the  ground  state  so  that  the  neutrons  available 
are  not  sufficiently  energetic  to  give  rise  to  inelastic 
scattering*  An  additional  source  of  background  is,  of  course, 

TOO 

the  radioactivity  of  I (T  = 25  rain)* 

A nickel  scatterer  mas  constructed  of  nickel  "shot" 
poured  into  a thin-mailed  "doughnut"  of  tin*  When  Irradiated 
by  3.8  Mev  neutrons  f the  pulse -height  distribution  of  Figure  2 
mas  obtained*  Shown  in  Figure  2 is  the  background  curve  taken 
with  a carbon  scatterer  present  along  with  the  curve  for  the 
nickel  scatterer » The  difference  curve  is  presented  in 
Figure  3 where  a photopcak  at  about  1*36  Mev  is  clearly 
present*  Although  sufficient  energy  is  present  for  excitation 
of  the  2*52  Kev  level  in  Hi^°  so  that  the  1*16  ST ev  garena  xay 
eight  also  aupear { it  is  thought  that  insufficient  angular 


Pul**  Htlflht  - volt* 


nocentuB  Is  present  ir.  the  ircider.t  r.ev.rrw,  tear,  to  excite 

i^.he  level  in  any  appreciable  intensity-  The  study  cf  th* 

radioactive  decay  of  has  shown  that  the  spins  of  the 

_ 60 

levels  or  Hi  fellow  xhe  pet  tern  ot  the  ever: -even  nuclei, 

4 - 2-  0V  so  that  four  unite  cf  angula~  ^cschtus  ar^ 
necessary  for  excitation  of  the  2*52  S?ev  levels  The  !,3?  Rev 
garasa  ray  is  of  course  the  second  of  two  gsraraa  rays  esnittea  in 
cascade  in  the  decay  of  Co°  the  first  having  an  energy  cf 
-.16  Mev.  From  the  shape  of  the  difference  curve  of  Figure  3„ 
it  Is  clear  that  a gaasna  ray  at  about  0,9  Vev  ray  also  be 
present. 

The  pulse  -height  distribution  ( background  subtracted)  re 
suiting  froc  the  scattering  of  3.8  Fev  neutrons  by  copner  is 
shorn  in  Figure  4*  These  data  are  interpreted  as  giving 
evidence  of  the  presence  cf  a gamma  ray  of  energy  U,9  Mev, 
plus  unresolved  gasraa  rays  of  higher  energy r 

A sirconinm  acatterer  ns  irradiated  by  3.8  J:ev  neutrons. 
The  resulting  pulse-height  distribution  is  shown  in  Figure  5* 
The  gamna  ray3  present,  have  energies  of  0*9*  2.2*  and 
possibly  1.15  Kavo  A sinsil&r  srectruni  for  tungsten  is  shorn  in 
in  Figure  6*  The  resolution  is  not  sufficient  to  isolate 
the  peaks,  but  gaxra  rays  appear  to  oe  present  at  about 
Q»85  and  2.3  Mev„ 

It  is  tc  be  noted  that  the  pulse  -height  distribution 
curves  for  Zr  wes  taken  with  a one-volt  chancel  rathe  2T  \ i nbL  ti 
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with  the  usual  two-volt  width  employed  in  the  measure- 
ments of  the  previous  report 0 It  was  found  that  the  use 
of  the  one-volt  channel  resulted  in  better  energy  resolution 

than  was  previously  obtained 0 Using  the  one-volt  channel, 

24 

the  pulse-height  distribution  of  the  gamma  rays  of  Na  was 
observed  as  shown  in  Figure  7 o This  spectrum  shows  con- 
siderably better  resolution  than  that  obtained  in  the  case 
of  the  same  spectrum  obtained  with  a two-volt  channel  width 
and  shown  in  Figure  10  of  the  previous  report «,  It  is 
naturally  to  be  expected  that  the  one -volt  channel  give  the 
better  resolution;  however,  the  actual  experimental  observa- 
tions show  that  it  is  enough  better  to  justify  the  longer 
time  of  observation  necessitated  by  the  smaller  channel 
widths . 
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TABLE  I 


Gamma  Rays  Excited  by 
3o8  Mev  Neutrons 


Element 


Nickel 


Energy  of 
Gamma  Ray 
(Mev) 


0 „9 


Ti  xc 


Coppe:r 


0o9 


Zirconium 


Qo9 

1„15  (?) 
2 or 


II.  TOTAL  CROSS  SECTIONS;  ANGULAR  (DISTRIBUTION  OF 
EIASTIC  SCATTERING;  INELASTIC  CROSS  SECTIONS. 


Int.  rod  null  on 

The  measurement  of  the  differential  cross  sections 
for  the  scattering  of  3c7  Mev  neutrons  from  cadmium,,  tin, 

1 ' 

and  bismuth  represents  an  extension  ot  sia-iiai  measurements  ' 

''' ^ W.  I),,  Whitehead  and  So  Co  Snowdon.  Phys.  Rev©  92 
13.4  (1953) 

on  aluminum,,  iron,  and  lead  in  order  to  establish  the  pat- 
tern of  variation  with  atomic  weight,,  In  addition,,  the 

recent  continuum  theory  of  nuclear  reactions  given  by 

2 ) 

Feshbach , Porter  and  Weisskopf  has  been  used  with  a 
2 ' 

' Feshbach,,  Porter  and  Weisskopf,  Phys0  Rev®  90„  116 

{1993)5  "Neutron  Reactions  and  the  Formation  of  thw 
Compound  Nucleus” „ U.  Sc  Atomic  Energy  Commission, j 
NYO  3075,  NLA  Report  15B-4  { unpubl i shed  ) 5 "Theory  of 
Average  Or  dss -Sections” , MoI*T«  Report  (unpublished)© 

plausible  extension  to  calculate  the  angular  distribution  of 
3o7  IV! ev  neutrons  scattered  from  nuclei  of  atomic  weight  115 
and  209 © This  should  be  of  value  in  assessing  the  possibili- 
ties of  using  the  continuum  theory  in  this  energy  range  to 
give  detailed  information  about  neutron  scattering. 


‘r-r-n  V*#l 


Experimental 


In  general 0 the  arrangement  used  in  this  experiment 

is  exactly  the  same  as  that  used  in  our  previous  experi~ 

1 ) 

ment  ' „ Neutrons  of  about  3o?  Mev  were  produced  by  bom- 
barding a deuterium  gas  chamber  with  10  ja,ca0  of  dsuterons 
of  0„65  Mev  mean  energy o A ring  geometry  ?ma  employed  in 
which  the  angle  of  scattering  was  varied  both  by  using 
different  size  rings  and  by  an  axial  movement  of  each  rir»g0 
The  previous  experiments  demonstrated  that  corrections 
of  considerable  magnitude  must  be  made  to  allow  for  the 
higher  order  scattering  in  order  to  obtain  the  correct  dif» 
ferential  cross  sections  from  the  apparent  differential 
cross  sections  observed  with  a ring  of  finite  thickness. 

They  further  demonstrated  that*  within  the  experimental 
accuracy,,  a linear  extrapolation  of  the  apparent  differential 
cross  section  to  zero  axial  thickness  of  the  scatterer  most 
probably  gave  the  correct  differential  cross  section u The 
present  measurement s„  therefore 9 were  carried  out  using 
only  two  ring  thicknesses „ However „ unlike  the  previous 
experiments  in  which  only  a few  selected  angles  were  chosen 
to  determine  the  higher  order  scattering  correction,  in 
these  experiments  each  ring  thickness  was  used  at  all  the 
angles  of  measurement 0 The  result  gives  the  apparent  dif» 
ferentia.l  cross  section  as  a function  of  angle  for  each  of 
the  two  ring  thicknesses  used.  The  true  differential  cross 


~6- 


section  now  can  be  found  at  each  angle  by  a linear 
extrapolation  of  the  apparent  differential  cross  section 
to  zero  ring  thickness® 

' Finally,  the  neutron  flux  monitor  was  ctianged  from 

that  previously  used,  a butane  filled  proportional  counter t 

3 ) 

to  a Lucite-zinc  sulphide  scintillator  detector  identical 
•55 ) 

J Wo  P,  Hornyak,  Revn  Scio  In sir.  23,  26*  (3952)°  The 
awthors  are  indebted  to  hr*  Hornyak  for  supplying 
them  with  Lucite-sinc  sulphide  molded  buttons. 

with  that  used  in  detecting  the  scattered  neutrons o In  the 
previous  experiments1'  some  difficulty  was  experienced  in 
maintaining  a constant  0°/go°  neutron  flux  ratio o Changing 
the  monitor-detector  improved  this  situation  somewhat* 

Data 

Figure  1 shows  the  expex-imental  points  of  the  apparent 
differential  cross  section  for  the  scattering  of  3o7  Mev 
neutrons  incident  on  the  3/8  inch  and  1 inch  thick  rings 
of  cadmium.  A point  by  point  linear  extrapola tion  to  zero 
ring  thickness  gives  the  true  differential  cross  section 
Y{$)o  Figures  2 and  3 present  similar  information  with 
regard  to  tin  and  bismuth.  At  every  angle  the  apparent 
differential  cross  section  for  the  X=inch  rings  is  larger 


7- 


! 


cos 


Pigur«  1 


I 


0 

vi? 


© 


100) 


lo0,9»8  07  ,6  ,5  ,4,3  ,2  .1  0 .1  -2  -3 -4- .5“ 1 6 -7- 8 -9 -1  a 0 


Figure'  3 


4 — AjJU'JJLS S L — iJULLUJ i 1 Ll-l  1 it*  i 


tfcsn  the  apparent  differential  cross  section  for  the 
3/8-inch  rings  thus  denonstrating  that  at  each  angle  the 
higher  order  scattering  adds  a positive  contribution  to 
the  apparent  differential  cross  section*  The  total  cross 
sections  corresponding  to  <T"  (0)  have  been  calculated  and 
are  presented  together  Kith  the  measured  total  cross 
sections  in.  Table  1*  The  measured  total  cross  sections 
in  each  case  are  about  8-10  per  cent  higher  than  those 
previously  measured  at  an  energy  close  to  3o7  Ker^', 


"fieutron  Gross  Sections",  O.  S*  Office  of  Technical 
Services,  lepartaeni  cf  Commerce t ASCU-2040 
(unpublished);  K*  Here  son  and  S„  Barden,  Phys.  it 
89,  775  (1953). 


However,  since  both  the  differential  and  total  cross  sections 
were  measured  with  the  sane  experimental  set-up,  at  worst  all 
-isasursnents  are  systematically  from  8-10  per  cent  high  which 
is  within  our  over-ell  uncertainties  of  abort  15  per  cent* 

- i 

As  was  discussed  previously  * the  integrated  cross 
section  corresponding  to  does  not  accurately  measure 

the  total  elastic  cross  section,  since  the  neutron  detector 
does  not  discriminate  adequately  against  inelastica Uy 
scattered  neutrons  * However-  tc  within  about  20  per  cent, 
it  my  be  considered  to  represent  this  elastic  cross 
section*  Subject  to  this  reservation,  the  difference  be- 
tween ths  measured  total  cross  section  and  the  integrated 
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Element  « 
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Cr  (mea£«  ) in  bams 
tot 


if^im 
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This  exp. 


Ref,  4 


Theory 


{ -/I,  & 

bams 


' L 

( = 

elastl  ? }■ 


I 

T" 


i lira 

J 4.5 

' 4 »0 

! 5,6 

2,5 

2*0 

Tin 

4 ,6 

~ A*2 

J 

r 

S 2,5 

i 

6r9 

2.1 

Bismuth 

8o3 

7=8 

i 

7,7 

1 = 4 

$ 

L 

Total  cross  sections.  The  value  of  J <T  ( G )d  SLO  subject  to 
the  reservations  in  the  text  is  the  total  elastic  cross  section. 


Included  in  Table  I is  a colomn  of  values  giTirsg 
estimates  of  the  order  of  magnitude  of  the  inelastic 
scattering  cross  section  at  3,7  Kev,  Because  of  errors 
in  t fee  measurement  of  the  total  and  elastic  cross 
sections,  the  estimates  may  be  incorrect  by  as  much  as 
a factor  of  two. 


cross  section  corre spending  to  <5^  ( &)  "ray  ce  considered 
to  equal  the  total  Inelastic  cross  section * Table  1 
presents  a summary  of  these  calculations. 


Theory 

Since  the  neutron  energy  resolution  in  this  experiment 

is  about  2bO  Kevc  the  angular  distribution  of  scattered 

neutrons  nay  be  discussed  in  terns  of  a theory  that  averages 

the  differential  cross  section  over  an  energy  interval  of 

this  magnitude.  Generally,,  in  our  energy  range  there  will 

be  snany  resonance  levels  within  this  2t*0  Kev  energy  interval* 

hence  we  may  average  the  differential  cross  section  over 

5) 

many  resonance  levels,  Feshbach  and  Keisskopf  aod 

5 ) 

H Feshbach  and  71  F~  Weisskopf,  ?hys.  Rev £ 76,  1550 
(1949)|  "Final  Report  of  the  Fast  Neutron  Lata 
Project*  U»  5.  Atomic  Energy  Commission,  KYG-636 
( unpublished ) • 

Feshbach i Porter  and  T.sisskopf  have  provided  two  distinct 
theories  that  discuss  total  neutron  cross  sections  averaged 
in  this  manner.  The  total  neutron  cross-section  measurements 
of  Barschall  et  al^  . generally  show  agreement  with  the  theory 

6 ) 

H.  E,  Barschall*  Ffays.  Rev.  86*  431  (1952);  Killer^  Adair, 
Books  Irian,  and  larden,  Fhys.  Rev.  Go,  83  (1352). 

2 ) 

of  Feshbach*  Porter  and  ^eisskopf  and  are  definitely  at 

5) 

variance  with  the  theory  of  Feshbach  and  fteisskopf  . 


>9= 


Therefore , we  will  compare  on  measurements  with  the 
theory  of  ?eshbach»  Porter,  and  Weissk cpf  suitably/  for- 
mulated to  exhibit  the  angular  distribution  of  neutrons 
elastically  scattered  from  nuclei . 

The  theory  first  will  be  formulated*  assuring  that 
there  are  no  reaction  products  CJUe.  no  inelastic  scat 
tering,  etc.)-  In  general,  the  differential  cross  section 


for  elastic  scattering  is  given  by 


7) 


7 } 

J„  Biatt  and  V,  rG  teisskopf „ Theoretical  Nuclear 
Physics  (John  tfiley  and  Sens,  Inc.,  $ew  York,  l$l52 ) 
Chapter  YIII. 


AH  £ 1 0 \)  Pf  iv 
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where  A i»  the  deBroglie  fsive  length  cf  tue  neutron,  divided 
by  2^*  ^y^g^ls  the  please  constant  rod  P £ !vCos€M  is  the 
Legendre  polynomials  The  relation  between  the  piiase  con- 

stant^j^und  the  corresponding  logarithmic  derivative  f ^ 

7)  ^ 

if  given  by' 


V ex*  Cil^H(VV 1 V Hi 


■J 


(2) 
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where  S’!  is  the  phase  determining  the  potential  scatter*-- 

■-% 

inga  and  ^&*  *»■  i s is  the  logarithmic  derivative  of  the 
outgoing  wave  in  the  entrance  channel  * 

We  now  average  Eo*  (1;  over  an  energy  interval  that 
includes  many  resonance  levels 


.-  r.-Kl 


°U@*k  til  (a^')(^0[c«-^0- 

& m * t -w  \ 

\7  i 

where  all  quantities  such  aa  ^ T and  only 

va tj  slowly  with  the  energy  are  treated  as  constants*  The 

distribution  obtained  rrora  the  term  ( A " ' (1  ) is 

called  the  “shape  Piastre”  scattering  and  the  distribution 

obtained  from  the  tens  f is  tb* 

“compound  elastic1*  s«»  fctering^  * 

% 

In  order  to  calculate  * first  It  is  necessary  to 
choose  a model  that  will  provide  a logarithmic  derivative 
which  includes  a description  of  resonances^  Feshbach,  Porter 
and  Weisskopf  introduce  a simplified  version  of  s nuclear 
reaction*  The  zero  order  approximate  problem  is  described 
by  a Hamiltonian 


S U 


where  Is  the  Hamiltonian  describing  The  cot-plicated 

internal  motions  of  the  target  nucleus  and  ff  describes 

n 

the  relative  notion  cf  the  neutron  and  the  target  ana  is 
given  by 

fc2 

H = — V 2 V(r } , ‘5) 

n 2b 

p 

where  a is  the  reduced  sass.  ~ is  the  laplaclan  in  the 
relative  coordinate  of  the  neutron  and  the  target  system?. 
V C r 5 is  given  tor 

Ytr)  ® -7  for  r ^ R;  0 for  r > R9  (6) 

o ' 

where  R is  the  nuclear  radius? 

The  formation  of  the  cocrpound  nucleus  is  described 
in  the  next  approximation  by  adding  an  interaction 
operator  B*  to  give  for  the  total  Hamiltonian 

H = H_  + H ♦ HJ  (?) 

t n 

?or  a convenient  choice  of  the  ra.tr ix  elements  of  H*  in 
the  basis  determined  by  the  eigenfunctions  of  the 
value  of  the  logarithmic  derivative  say  be  found?  It  is 
shown  then  that  this  rather  complicated  expression  for 
the  logarithmic  derivative  may  be  approximated  by 


--12- 


(8) 


ffl  - Vi.  r * w c Cor.  7 , 1 (:  ) 

As  -If'  As 


where  vs^  and  are  slowly  varying  functions  of  the 
energy  of  the  neutron  (-  c The  phase  z o t.  ) is  taken  as 
proportional  to  the  energy  o If  this  expression  for  the 
logarithmic  derivative  is  inserted  into  Eqn  (2)  and 
averaged  over  many  resonances  the  result  is 


e*f>  (a-c 


^•[c 


v, 


(Q  ) 


Thus „ the  averaging  results  in  replacing*  the  Cot  Z£  in 
Eq„  (8)  by  ~i0  The  expressions  obtained  for  and 

in  the  perturbation  calculation  are  such  that  they  may 
be  approximated  by  the  real  and  imaginary  parts  of  the 
logarithmic  derivative  of  the  following  non- Hermit ean 
problem  in  the  relative  coordinates  of  the  neutron  and 
the  target 

o 

ft  2 

H ~ =—  <-7  V(r ) 

2m 


wher® 


V(r ) = -V„(I  + i f ) for  r <,  R;  0 for  r '>  R f 10) 

Thus*  all  quantities  in  Eq0  (3)  are  provided  for  except 

yj  yp  * , To  obtain  this  we  assume  in  Eqo  (8)  that 

X ?r; 
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J 


2 i.  *• 


is  a linear  function 


the  energy 


£ 


As 


•r*/ 
t*  C 


/d  i 


« \ 

LX  f 


where  djj.  Is  tho  average  level  separation*  The  product 
*• 

'*£,  -7^  is  "then,  averaged  with  respect  to  $ as  in  the 
case  of  *1^  3 In  particular;  the  result  will  depend  on  the 
unlmown  parameters  Sc^  •*  Since  we  are  only  interested  in 
statistical  results,  trie  average  of  with  respect 

to  € i3  again  averaged  with  respect  tc  ^ „ The  result 
is  then 


f 12) 


Thus*  the  average  phase  constant  in  Ec.  (9)  completely 
defines  an  angular  distribution  of  the  elastic  scattering 
averaged  over  many  resonances.  The  ncn-Hermxtean  problem 
defined  oy  Eq,  ( 10  / s which  is  used  to  provide  an  approxi- 
mate expression  for  the  average  phase  , may  be  solved  by  a 

C I 

method  due  to  lax  and  Peshtach  , le  have  used  for  the 


H,  lax  and  H.  Feshbach,  Journ * Aaoust*  Soc,  Amer,s  20, 
108  (1948);  Morse,  Lcwan,  Peshbach  and  lax.^ 
“Scattering  and  Radiation  from  Circular  Cylinders 
and  Spheres”  (Reprinted  by  rJ»  S*  Ilavy  lepartment 
Office  ci  Research  and  Inventions.  ?»ashirgton.,  E'cCo, 
1946) « 


S) 


potential  within  the  nucleus 


V *•-  <=19(1  + 0-05  i)  Me-*/  (15) 

and  for  the  nuclear  radius 

R * lo45  x icf13  A 1/3  ( cm ) o (14) 

These  values  give  good  agreement  with  the  total  cross- 

2 6 ) 

section  measurements  of  Barschall*' n e 

In  the  preceding  theory,  it  was  assumed  that  no 
reaction  products  v»ere  present  in  the  decay  of  the  com 
pound  nucleus o This  restriction  may  be  removed  by- 
realizing  that  the  effect  of  these  reaction  products 
upon  the  entrance  channel  can  be  accounted  for  approxi- 
mately by  introducing  an  imaginary  part  to  the  energy  © 
Thus*  Eq0  (11)  is  changed  to 

■»-  2£(t-*n <7 ») 

r- 1 (&)  2 9) 

where  { is  the  reaction  width  0 . Wnen  this  is 

r 

Q ) 

1 Peshbaohj  Peaslee  and  Weisskopf,  Rhys.  Rev*  71„  145 
(1947). 
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i r 


done  it  will  be  found  that  Eq*  (9)  for  the  average  phase 

7\q  is  uoenanged  and  that  Eq < 3.2  ) for  the  average 
w 

phase  product 
that  for  Jt  * m 


>{ y ^Z^  is  unchanged  for  %.  ^ m but 


Hence 0 the  preceding  formulation  may  be  used  throughout 
except  for  this  one  change.,  Table  2 and  Figures  4~6 
present  the  ohief  numerical  results  of  tne  above  theory „ 

bi3cussion 

A compaiiscn  in  Figures  4 6 of  the  experimental  dif- 
ferential cross  section  for  the  elastic  scattering  of 
3o7  Mev  neutrons  from  cadmium,,  tin6  and  bismuth  with  the 
theoretical  predictions  of  the  continuum  model  shows  that 
the  main  features  of  the  experimental  curves  are  reproduced 
by  the  theory o In  general,  the  theoretical  results  give  a 
better  fit  with  bismuth  than  with  cadmium  or  tino  If  one 
were  to  use  2q0  (16)  in  the  determination  of  the  "compound 
elastic"  scattering,  there  is  no  choice  of  the  ratio  of 

p (&)  i 

reaction  width  to  level  separation  »r  / d£  that  would 
make  the  fit  much  better*  The  addition  of  "compound 
elastic"  scattering,  however,  does  adjust  the  "shape 
elastic*  scattering  to  a distribution  that  more  nearly 
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is  the  integrated  ’’shape  elastic"  cross  section » 0“  is 

the  average  cross  section  for  the  formation  of  the  compound 
nucleus o cFT"!  i3  the  total  neutron  cross  section 0 The 

XQT 

"compound  elastic"  cress  section  plus  the  average  reaction 

cross  section  add  up  to  3”  . 
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Figure  4 


resembles  the  experimental  curve  than  does  the  " shape 
elastic1  scattering  a lone  <.  In  particular 9 this  :I compound 

elastic”  scattering  shifts  the  position  of  the  first 
minima  in  the  "shape  elastic"  scattering..  Since  different 
nuclei  have  different  amounts  of  "compound  elastic”  scat 
taring,  this  may  account  for  the  lack  of  a uniform  shift 
in  the  position  of  the  first  minima  in  the  experimental 
elastic-scattering  distributions  as  one  proceeds  from  Iron 
to  bismuth. 

Since  the  largest  discrepancy  between  theory  and  ex- 
periment occurs  in  the  differential  cross  section  for 

f orward*  scatter  ing*,  cr  '0)9  it  is  of  interest  to  consider 

s c 

possible  adjustments  of  <»*  (Q*  in  the  theory » The  mini* 

mum  theoretical  value  of  cr  (U)  is  given  bv  a theory  that 

sc 

does  not  include  "compound  elastic"  scattering  and  has  the 
maximum  possible  cross  section  for  the  formation  of  the 
compound  nucleus 0 These  conditions  are  met  in  the  first 

c ) 
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version  of  the  continuum  theory 


The  values  of  0r*v  (0) 

8v 


from  this  theory  agree  with  the  experimental  value  of 

tf  (0)  jn  the  case  of  bismuth  but  are  too  high  in  the 

sc 

case  of  cadmium  and  tinQ  In  the  case  ol  bismuth*,  however 9 
the  subsequent  form  of  CT*  (©0  does  not  offer  any  possi- 
bility  of  giving  a detailed  fit.  Therefore g it  is  not 
oossible  to  obtain  a useful  value  of  CK  (©)  that  agrees 

■“  SC 

with  experiment  by  adjusting  only  the  value  of  ^ in  Eo,  (.13) 
and  the  value  of  P Xj}  in  Eq„  (16)»  It  o an  be  argued 

• ^ " It 
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that  the  double  average  used  to  obtain  ?]  p FiL  in 

* <v  ?V{ 

Eq«  (12),  strictly  speaking,  is  not  a necessary  feature 
of  the  contimviP!  theory  and  that  one  s horrid  insert  sorie 
function  of  „£  for  the  parameter  f3 £ in  Eq0  (ll)„  To 
get  some  idea  of  the  restriction  introduced  by  this 
average  over  /Sg,  g the  value  of  F; p was  averaged  with 
respect  to  £ with  the  value  of  (io  set  equal  to  ‘zero., 

For  bismuth  the  difference  between  this  method  and  the 
double  average  method  was  quite  small , For  cadmium  and  tin 
the  difference  was  somewhat  Larger  but  still  not  large 
enough  to  alter  appreciably  the  results  of  the  double 
average  method,  Hence,  it  is  not  likely  that  signifi 
cantly  better  fits  between  theory  and  experiment  would  be 
obtained  i f /6^  were  known  as  a function  of  JL 

Since  the  theoretical  valu»  of  ^ (0)  can  be  made 

SO 

to  agree  with  experiment  by  adjusting  the  nucleai  radius, 
it  is  of  interest  to  estimate  the  magnitude  of  the  change 
necessary  to  bring  about  this  agreement o The  nuclear 
radius  used  for  bismuth  (A  = 209  in  Eq0  (14))  would  have 
to  bs  loivered  by  about  6 per  cent  since  0“*  (°)  varies 

approximately  as  the  fourth  power  of  the  radius o This  also 
would  move  the  first  theoretical  minima  closer  to  the  first 
experimental  minima.  Since  this  change  in  radius  would 
lower  the  total  cross  section  by  approxiniately  19  per  cent 
and  since  the  total  cross  section  is  in  fajr  agreement:  with 


18= 


experiment  it  would  "be  necessary  to  rai3e  the 
imaginary  part  of  the  potential  in  3q0  (13)  by  about 
15  per  cent  in  order  to  maintain  agreement  of  the 
theoretical  and  experimental  total  cross  section* 
Furthermore „ a lowering  of  the  nuclear  radius  by  about 
6 per  cent  would  be  in  agreement  with  the  measurements 
of  Coon,  Graves,  and  Barschall  ' \ in  which  they  find 

10) 

J.  Ho  Coon,  E.  Ro  Graves,,  and  Hc  Ho  Barsohalls 
Phys0  Rev*  88fl  562  (1952)» 


for  14  Wev  neutrons  and  for  elements  above  barium  that 

i/2 

the  nuclear  radius  as  measured  by  ( 2 7T)  f a 11  s 

d 3 x/3 

below  the  value  predicted  by  R - lo5  x 10  A cm. 

In  order  to  adjust  the  theory  to  the  experimental 
value  of  0*^(0)  ^or  cacJmi.ura  and  tin  it  would  be  neces- 
sary to  lower  the  nuclear  radius  chosen  (A  » 115  in 
Eq->  (14))  by  about  30  per  cent*  Corresponding  to  thlsa 
it  would  be  neoessary  to  increase  the  parameter  J by  a 
large  amount  to  give  a sufficiently  large  total  cross 
section  if t indeed.,  a large  change  in  is  capable  of 
adjusting  the  total  cross  section  by  a correspondingly 
large  amount*  This  large  adjustment  of  the  nuclear 
radiu3  is  not  very  palatable  in  view  of  the  general 
experimental  agreement  of  the  nuclear  radius  with  the 
formula  In  Eq*  (34)  for  14  Mev  neutrons  and  for  values 
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of  A nes.r  115  It  is  conceivable  that  the  1 ae ory 

as  it  stands  would  give  better  agreement  if  it  v«ere 
applied  mo  an  ellipsc-idal-shaped  target  nucleus » How 
eVfir,  sine®  only  20-25  per  cent  of  the  cadmium  and  tin 
isotopes  have  odd  neutron  numbers  and  since  X1UOJ.CCU 
eccentricities  in  the  region  of  A - 115  are  only  about. 

6 per  cent1^,  it  is  not  likely  that  the  use  of  an 

^ ^ Jo  Ws  Blatt  and  V,  PQ  Weisskopf,,  ’’Theoretical  Nuclear 
Physios”  (John  Wiley  and  Sons,  lnc»,  New  York, 
1952)  ppB  29,  776 . 


ellipsoidal -target  nucleus  can  produce  the  desired  change  * 

Hence 9 we  are  reduced  to  the  necessity  of  a modification  of 
the  theory  as  the  only  means  bv  which  a sufficiently  large 
adjustment  can  be  accomplished „ Within  the  general  frame- 
work of  the  theory,  it  might  be  possible  to  choose  the 
matrix  elements  of  H1  in  Eqc  (7)  to  be  a function  of  the 
relative  coordinate r,  or  to  let  the  potential  in  Eq„  (6) 

be  a function  of  the  spins  of  the  neutron  and  the  target 
12 ) 

nucleus  <>  In  any  case,  however it  would  be  necessary 

12 ■ No  Go  Francis  and  K.  M,  Watson,  Phys0  Rev*  %2V  291  (1953 )« 

that  these  changes  introduce  little  effect  on  the  present 
results  in  the  neighborhood  of  A ~ 2CSo 
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Ir  summary  then;  it  may  be  said  that  the  continuum 
theory  may  be  brought  into  rather  detailed  agreement  with 
the  measured  angular  distribution  of  3o?  Mev  neutrons 
scattered  from  bismuth*  The  theory  in  the  case  of  cadmium 
and  tin  exhibits  only  the  general  features  of  the  experi- 
mental results  and  possibly  demonstrates  a need  ^cr  a 
revision  of  the  theory* 


Captions  for  xlgures 

Figure  1 «*  Angular  distribution  of  3*7  kev  neutrons  scattered 
from  cadaiuz:*  (A;  apparent  dif  ferer.tia  I cross 
secticr.  using  1*  axial  thickness  ring  scalterers 
(Bj  apparent  differential  orcss  sections  using  3 ?,r 
axial  thi^koess  ring  s-cairt-erers o (0)  true  differ  sr~ 
tial  cross  sections  for  elastic  scattering  obtained 
by  a point -by -point  linear  extrapolation  of  curves 
*a)  and  ' B » tc  zero  thickness  s atterer*  Ordinates 
are  for  carve  (C)  ana  are  in  units  of  baras/sterad i&n ,, 
Curve  IB)  ardiTjate  she*- tie  be  reduced  by  a factor  of 
1G»  Curve  ‘A>  ordinate  should  be  reduced  by  a fe  it  or 
of  100 c 

figure  2 - Angular  distribution  of  3*?  »et  neutrons  scatter*- 5 
fro®  tin.  (A)  apparent  differential  cross  section 
using  ln  exxal  thickness  ring  scatterers*  (£/ 
apparent  differential  cross  section  using  3/8R 
axial  ifcickr esc  ring  scatter erso  (C)  true  dii- 
ferentia  1 cress  secticr.  for  elastic  scattering  ob- 
tained by  a point -by  point  linear  extrapolation  of 
curves  (a)  and  (B)  to  sero  thickness  scatberei  =. 
Remarks  concerning  ordinates  are  the  same  as  in 
Figure  1 = 


Captions  for  Figures  (Continued) 
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Angular  d i s 1 r 1 $ * u l i on  of  5*7  Kev  neutrons  scattered 
free  bisamtfc*  (A)  apparent  differential  ross 
section  using  .}”  axial  thickness  ring  a. 'at fcerer 3 - 
(B>  apparent  differentia  1 cross  section  using  ?Z6~ 
axial  thickness  ring  se&tterers  (C)  true  differ 
ential  cross  section  for  elastic  scattering  obtained 
by  a point  -to* -point  linear  extrapolation  of  ernes  * 
(A/  and  ( E ) to  zero  thickness  soatterer  . Remarks 
concerning  the  ordinates  are  the  saiae  as  in  Figure  1< 


Figure  4 - Comparison  of  the  exp&^a -se  ital  differential  cross 

section  for  tlie  elastic  scattering  of  Mev  neutrons 
froca  ca drain:  with  the  predictions  of  the  continual 
model  for  r nuclear  radius  of  7^1  x 10  " ns  and  ? 

complex  potential  eonstcut  cf  ~I94I  * 0o05  i)  Ketv 
(A)  experimental  results  Trom  Figure  1(C)*  (3) 

"Shape  elastic"  differential  cross  section*  ( C ; 
"CcwpoiiTid  elastic"  plus  "shape  elastic”  differential 
cress  section  using  Ec-  fl 2)  to  determi  Uw  - - - f ■ ^ ~ * 1 - - 


elastic*"  scattering*  coirc  triangle  is 
first  version  cf  the  continunE:  theory* 


f f . t € IT, 

* <T  Jt  -rii I 


Fig'nre  S ° Comparison  cf  the  experimental  differential  cross' 

section  for  the  elastic  skittering  of  y.P  neu  ror.s 
from  tin  with  the  predictions  of  the  continuum  code! 


Captions  far  Figures 


; Continued ) 


for  a aaolcSi  radius  of  ?<»i.  x iu  cm  and  a cos-ioi^x 
potential  constant  of  -19*1  + 0.05  i)  (A)  ex- 
perimental results  fro®  Figure  2(  C)  0 (B)  " shape 

elastic*1  differential  cross  section.  (C)  "compound 
elastic3  plus  "shape  elastic”  differential  cross 
section  using  Eo*  (12)  to  determine  the  "compound 
elastic"  scattering . Solid  triangle  is  (0)  from 
first  version  of  the  continuum  theory. 

figure  6 - Comparison  of  the  experimental  differential  cross 

section  for  the  elastic  scattering  of  3=7  Mev  neutrons 
from  viSSuvh  with  the  predictions  of  the  continuum 
model  for  a nuclear  radius  of  8 = 6 x 10  ' cm  and  n 

complex  potential  constant  of  -191  1 0*05  i)  Mev * 

(A)  experimental  results  from  Figure  3(CK  (Cl 
n share  elastic*  differential  cross  section*  (B) 
"compound  elastic"  plus  "shape  elastic"  differential 
cross  section  using  Eq«  (12;  to  determine  the  "compound 
elastic"  scattering.  Solid  triangle  is  <*"  fro® 

first  versica  of  the  continuum  theory. 
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In  a previous  report  there  is  described  a bench 

test  ion  so'urce  assembly  used  to  st'iij  operating 

characteristics  of  the  Bartol  rad iof re q uency  ion  source* 

As  part  of  the  projected  program  concerning  scattering 

studies  on  neutrons  it  ??as  decided  to  convert  this  test. 

ber.ch  into  a positive  ion  accelerator  r;hich  would  operate 

at  voltages  up  to  100  Kv<,  The  coief  advantage  of  this 

type  ox  accelerator  for  neutron  studies  is  the  provision 

ol  a beaE  current  several  times  greater  than  those  obtained 

from  the  Van  de  Grsaff  generator  and  laving  sufficient 

energy  to  yield  a reasonable  flux  cf  neutrons  ircra  the 

2 x i 

exothermic  reactions,  a (d,n)He  and  S (d/a'IIe  « 

It  ,sas  decided  to  incorporate  an  ion  source  developed 
at  Oak  Ridge  which  differs  froa;  the  so  iree  used  in  the 
Yaa  de  Graaff  generators  in  that  it  provides  considerably 
larger  beam  currents®  An  ion  source  of  this  type  was  ob- 
tained from  Cak  Ridge  and  installed  in  the  accelerator 
last  fall. 

It  became  apparent  at  that  tine  that  the  completion 
cf  the  large  generator  and  continual  use  of  the  smaller 
generator  would  prohibit  satisfactory  operation  cf  a third 
accelerator  in  the  sa~e  room,  and  accordingly  plans  were 


***  ^ 


rsficle  "t  ■>  renovate  a garage  or:  the  Bart  o I prof  arty  for 
purposes  of  housing  the  low-voltage  accelerator  , Ir> 

April  the  building  fas  completed  and  tbe  scceiere tor 
icoved  to  the  second  floor.  Luring  the  spring  and  sui-iaer 
several  structural  changes  were  ^ads  to  provide  more  con- 
venient and  stable  operation*  In  aa rtiaular 5 provision 
ssa3  mace  for  extension  of  the  tube  through  the  floor  int^ 
the  Middle  of  the  room  fcelcft  in  craer  to  reduce  as  far  as 
praeticaole  the  prnbl#»n-.»  »ssoc_ated  ?:th  scattering  of  the 
neutrons  fit®  floor  and  walls  , 

After  several  initial  difficulties  with  the  vacuum 
system  and  adjustments  on  the  ion  source  a teas  of  .L20  ua 
has  been  f ocused  on  a target  1 1/2"’  in  diaseter  at  a dis 
tar.ee  of  20  feet  from  the  source*  A liquid  air -cooled 

system  was  installed  ia  order  to  freeze  D.,9  onto  the  metal 

2 , =5 

target  for  producing  neutrons  f js  the  3 »d  .njrie 
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C-  P.  Swann  and  F.  F«  Xetsger 

Fart ol  Research  foundation  of  me  Frar.xiixi  Institute,  S*.arfchrr>re»  Pa. 

Abstract 

The  production  fcj  inelastic  scattering  of  neutrons  of  the 

__  199 

527  kev  isomeric  level  of  Hg  snd  of  the  661  kev  iscneric  level  ef 

T ^*7 

Ba  " ' have  teen  studied.  Neutrons  were  produced  by  btzsbardixrr  a f>0 
ker  lithium  target  with  protons  acce?  erated  in  the  large  Bartol  Van  de> 
-ir&af  f.  The  cross  section  for  the  production  of  the  12/2+  level  of 
B^  Increases  sharply  at  620  +•  10  kav  nean  neutron  energy  indicating 
a level  at  about  90  kev  above  the  net  usual! « state.  Below  620  kev 
the  observed  activity  decreases  with  inc-r&asing  neutron  energy  and  is 
attributed  mainly  to  fast  neutrvn  capture  by  620  kev  the 

cpos3  section  corresponds  to  about  one  nb.  Several  other  breaks  indi- 
cate higher  excited  states  in  Hg^^.  The  li/2-  level  of  Ba^ ' has 
been  excited  with  mean  neutron  energies  as  low  as  670  10  kev  indi- 

cating direct  formation  of  the  met as table  state.  The  experiments! 
cross  section  at  lpO  kev  above  the  threshold  is  about  % mb  which  i3 

an  order  of  magnitude  smaller  than  the  theoretical  estimate  based  on 

1) 

the  compound  nucleus  model, 

/ Supported  in  part  by  the  U.  S,  Atomic  Energy  Commission  ar.d  in 
part  by  the  joint  prograia  of  the  lids.  Office  of  Havel  Kooeardb. 
and  the  0,  S, Atomic  Energy  Commission. 

1)  9.  Hauser  and  H,  Feshbach,  Phys.  lev,  87^  366  fl9>?K 
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UCLE.tR  emubLosis  base  been  used  for  sosoe  tirae  is  wbat 
a-  a may  Hr  caBedl  a point  soiioe  of  neutron  geometry  (point 
gwraetrv  ■ to  recant  the  energy  spectrum  of  neutrons  prod-seed 
am  modear  -rartnonrs.  Tie  same  method  applied  to  tbe  observation 
oS  BuelaslitaJSy  scattered  mnatreffis  has  two  defects:  fa)  the 
source  <A  bombarding  pmtkfcs  » rrialiteiy  weak  because  these 
pactidlcs  finf  nmest  be  produced  by  a norbrar  rea»"tkio  in  neder  to 
get  taonoesKyprlK  mestrans;  (b)  tie  boesbanfeg  neutrons  as  weii 
as  the  seaiterwl  Deatnoeii  gttre  piafom  cecwnlls  in  the  ensmfeiaBL. 
The  peerpose  <&  this  fetter  its  to  present  a of  overtoctip 

these  detects.  Since  the  Smr  iffijtzffity  od  fern  msMest  sea  the 
sc*Ucnrr  rarraat  be  accreased  appreriahiy,  one  can  only  bope  to 
arrange  the  scxUerer  gooeoetiy  ■»»  that  many  sea  leering  points 
gate  senanar  cmatrabtitDijns  to  the  probaa  reccsfl  spectman.  In  order 
to  pcerait  the  direct  neutron*  flax  fruen  peodarrig  a prater  ner  5£ 
spectrum  ctmnparabfe  -,-ith  that  fnm  the  asSOwr,  it  is  Konair 
tiu»t  the  pfiane  of  the  ennnfiatDCi  he  placed  at  right  angles  to  the 
ioddosl  Sax.  Both  of  these  ooewh liras  are  met  if  the  scattering 
material  is  placed  m an  axjiBy  symmetric  ring  vring  gsccneiry}. 
amd  the  photographic  eorafeirei  is  located  n the  axis  with  its 
plane  ira  the  central  pjace  c£  lie  ring  {Fig.  3 1. 

In  order  to  ntiEst  She  ring  geometay,  the  customary  acceptance 
criteria1  saast  be  changed  to  the  fcifesrmg  shagir  critcnnm.  a2 
proton  recofl  tracks  are  aeneji-tihfr  if  lhriir  autgk  os  dip  aril}1  respect 
to  the  pcane  of  tbe  esnefefan  is  less  than  Ss-  In  case  case  S»=  12°. 
The  teashulty  of  the  ring  geometry  win  krs—  bees:  ssoetxroei  if 
a caiooSaticaii  is  made  c£  one  teccai  protoo  spectrum  from  tie  fbS- 
(mnag  Msrces  oi  scattered  antras:  fit  the  ring  (sigal);  (2)  all 

F,>eCkk£ttuS  L.  the  r.*~ _ . 1..-  .T . , .1 » '•%?  : . I m \-*j  C - . >a  i mS  lh  lute 

P30S2  {'Wwet 

It  shrocid  be  noted  that  the  nose  oi  type  (2)  may  be  reduced 
by  intenpewirg  scant  scattering  material  cm  the  axis  between  the 
sestesa  xsurst  and  the  tsefrioo.  Abo,  time  wilt  be  a jp'oCon 
ipectrunc  in  the  emulsion  because  of  the  '>■*■;*>,  p}  reacliira 
Mev).*  Ttmh  qpectnBB  may  easily  fee  distinguished  from 
the  scattering  speebnun,  fast  broamse  it  wiki  ham  a for  mrrtram 
and  seocmnEty,  because  of  the  positive  Q va&me,  the  peak  wiB  occur 
a*an  e*e»gy^!prec»blyi«g}Kxtf!3En  that  sf  tbe  scattered  netrtroo 
spectra. 

In  onflartoiffivestlgaiE  points  (!)  End  (2),  ct  wiH  be  assumed  that 
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ihs  scilteriBg  tabes  place  feotrapkaBy.  This  is  n»ot  jastrfed  in 
view  oi  the  cositinmum  Iheecy  cf  nndfear  aeacrioos,1  but  the 
deviation  wil;  reduce  the  sigi\al  and  the  otase  ik  a aaniEar  mamner. 
Fognre  2 gives  the  resells  of  the  cakdatiom  of  points  (1)  of  (2) 
?e  -eferje-rs  is  tie  geometry  ai  teg.  1 far  a U-nT»rraamp<3tvIiacur 
bsaxbasirnr.t>t  of  D— D neutrons  front  a ScaK-et nrcGpiere  srarror 
of  oorcerriori  gys.  The  oit. truer  energy  ia  the  farwairi-iiiiKtiom  was 
taken  to  be  f.O  Mev.  This  gives  abttij  3.75  Mo-  fee  thr  energy  of 
the  oeulius  scattered  insa  the  ring  mate  tbe  esrcbhm.  The  hsek- 
STKcrxd  curve  is  a oiqiOT.'OKtME!  of  f-rot-cn  recoil  ipecua  derived 
frees  the  attenuated  neutrom  ffnrs  scattered  from  tie  slvw. 
bromine,  oxygen,  aritro®mi-  and  raitwici  ibvi  a-ne  pfesenr  in  a 
330-macroa  rsiJicfe  .assatoBKi  to  base  the  oooipasstiom  rf  an  VT'A 
emuisjoci.*  Tbe  asetnai  spectra  wfil  be  nixiifed  fecanc  ci  the 
fottowis®  effects:  spread  in  energy  of  tie  searinKiLs  fiatn  lie  smorct; 
Intglt  of  (rack  prelected  orst®  the  pliae  of  tie  etmiliwvi;  range 
saraggCrig  in  the  eratiktsti.  iione  cf  ihese  effects  are  expected  to 
list?  _y  the  general  eppraraaace  -of  peaks. 

A*  kwkgirisa  cs  poiat  {3)  sbsss  that  the  protoo  reooil 
spectrum  between  4 Mev  and  1-2  Mev  is  DtgSghfe.  This  estimate 
is  based  on  a roeassnereeitt  cf  the  shadow  cone  tadgrtscDd  neutron 
ff  sec  as  a finmctaaa  eff  nesetren  energy  in  our  pievsous  total  scattering 
CToffi-sedfer  m— turernents.* 

Tic  ^pai-u&nse  ratio  for  elastic  scattering  is  seen  to  lie 
large  enough  to  make  the  experiment  feasible  The  imeiastic 
scattering  shanH  be  cocnpaiafele  with  the  elastic  scattering  and 
fence  shtmfef  he  detected  by  tfc~s  ree'iod.  Praikriiiiaiy  jr«easarro 
meats  nsrg  an  moo  ring  scstterer  amd  4-Mtr  neitroass  soow  Iratn 
the  clastic  and  an  bdari-  *"v»p  of  Matrons  samites!  by  about 
Cc8  Mev  in  noog  dance  with  tbe  expected  excited  k-cej*  in  Fc*. 

* A«tJi>wi  a>y  UW  >itcor  pregjart  df  li>*  C.  S.  CJtScsr  of  Nafsl  Sfa«arcL 
iutd  ihit  U_  S.  Atoiiik:  tjaagy  CosKnjsaaos- 

1 H-  T.  Rxc4*ax4f,.  Ffry*..  Rrr.  5$„  »"EJ»*#c  j. 

* F Aiwitwn  xrvf  T..  r^irrijcrwi-  R-rri.  Ptiys  ?4»  329  (I9S2). 

* Fmuf  R«posr»  et  t^r  ri a JBegfrsa  Lteta  PKsjrot  NVCWJft, 

•A.  Bsaer.  Rftxr.  Wc-itm  P^.  >,  273 

‘S-  C.  SoOTwiktx  *5«i3  W.  3>-  WucdtfaC  Ffeya.  wb w 96;  695  (*%*). 

*Xo>d**.  thdCa..  KacL  Bct  Scawfifarf*  fU  S>  Cxr»daui-  (MRSflfl*. 
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Angular  Distribution  of  Neittrons  Scattered  from  Aluminum,  Don.  and  Lead* 

W.  D.  WsrrEKE*©  oro  c.  C.  Sswroas 
B^ritx  Jtesesm  F**aa£siiim  of  ! it  Fr-cnbJm  /jc.V-.'tJ*,  .SjrcrSfessm,  Prv*rv:v3'z:s 
fttecehrad  May  79,  3953 
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bare  bo*  ocascrad  in  a licj  geometry  ode;  a moWed  Lwcitr-jfrsc  swlad*-  Mtcrn  as  a dei-rtf*--  Tbc 
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IITTIODCCI  1C !f  general  features  agree  rather  wrii  with  the  meacire- 


MEASLKEMEXTS  of  the  angular  distribution  of 
fast  neutrons  scattered  from  a large  number  off 
etemesits  have  been  reported  previously  by  KEkurfri 
rf  «/-,■  and  Anuldi  ei  air  in  which  the  main  features  of 
the  distribution  could  he  explained  as  the  diffraction 
effects  due  tw  the  scattering  of  neutron  waves  by 
spfarircat  particles.  More  recently  Retniirnd  and  Rfeamo* 
have  measured  angular  distribution  of  3.7-Mev  neutrons 
scattered  from  carbon  while  Walt  and  Bursdul!.4  using 
1.00-Mev  neutrons  have  reported  the  angular  j- 
butsjKsfor  a large  inmtber  of  elamects.  Feshbadt,  Porter, 
and  WeassUmpf,*  using  a modification  off  the  continuum 
theory  of  unclear  reactions,  have  reproduced  ihe  average 
features  of  the  total  rwritnyri  cross  section  rs  energy  arid 
atomic  number  as  measured  by  BarschalL*  Feshbacb. 
Porter,  and  Weissfeonf7  have  also  computed  the  angular 
distributions  of  elastically  scattered  neutrons  using  this 
same  modification  off  the  continuum  theory  and  the 


Fos-  1.  Ring  eeiameuy  aoc  xuinci  {5J,  <i««CeiiLiiEi  rii  it 
ere  JaJS  atoKapfcerc  pressure  to  giro  oeatrras  of  ahaui  3.7  Mer; 
(D)  ladtMiix  siHde  vnaiilbrino  detector;  (3)  nag  scatterer 
«f  iKtarguiiT  cross  sedsco- 
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* Ksfcvdhi  Aofci,  and  Wakateki  Proc.  Pkvs.  Maih.  5w.  l-w-or. 
2!  4:-5  ,193?) ; T.  Wakataki  and  SL  Karsdid,  Proc.  Pfcys.  Math. 
Sot  .iMBa  21.  65*  (I539>;  T.  Witiloti,  Proc.  Pi  vs.  Marie  See. 
japan  22.  4.50 

_ * AmakS,  EonriauelH,  Caccaipaoei,  arwl  Trafttaccha,  Into  mtMOiaJ 
Conference  sr.  Frndhreeertrl  Rertirfes  sad  Lomi'  lernpertrsre 
''TIk  FSiysicsl  Society.  Lottaoa  1947 >,  VoJL  1 . 

*A  E Resmnoa  and  R.  Ritaznu,  Krfv.  Pays.  Acta  25,  4!! 
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"«  M.  Wall  aod  H.  H.  Barseial  Phyt.  Rev.  90.  714  {19533. 

* Feshvack.  Pieter,  and  YVeistcyf.  Pkys.  Rev.  90,  146  >'1RS5<. 
*H.  it.  BaracfaaH,  Phys.  Rev  w,  431  (!952i-  j'Uer,  Aidtir. 

Rockehaan  and  Darden,"  Pkvs.  Rev.  88,  £3  (1952 

* feihacy  ftesr,  and  Weeskcpt,  Ba't  An.  Phro  Sac.  28, 
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mer.ts  c»f  Walt  and  BarochaJL'  Our  ntieasureraents  on 
aluminum,  iron  and  lend,  using  3.7 -Alev  neutrons,  were 
undertaken,  with  the  thought  that  the  ?.  ripuLar  ctistn- 
bution  in  t’nis  energy  range  would  be  off  value  in  view  of 
tl>e  present  theoretical  consideiaaoiis. 

EZPSXUCERiaL 

llgurc  1 shews  the  experiroentssl  arrangement  that 
was  used  to  measure  the  angular  distribution  ef  nee 
Irons  stattcrod  from  aiuminunt,  iron,  and  lead.  The 
coaroe  of  neutrons  is  a chamber  off  deuterium  gas  at  0.5 
atmosphere  and  2.0  cm  in  depth  bombarded  with  aboul 
10  microamperes  of  1.0  Mev  deuterons  which,  after 
passing  through  the  nickel  foil  and  gas,  have  a mean 
energy  off  about  0.65  Mev.  These  neutrons  are  detected 
by  a pressure  molded  Lucite-zinc  sulfide  button* 
mounted  directly  on  the  face  off  an  RCA  5S19  photo- 
multiplier. The  direct  beam  is  cut  out  by  a suitably 
tapered  ID-inch  Hoag,  IJ-inch  diameter  iron  cylinder. 
The  scatterer  was  chosen  to  have  the  shape  of  a ring  in 
order  «.-•  Increase  as  much  a?  possible  the  number 
of  scattered  neutrons.  The  scattering  angle  fi  is  varied 
by  rooming  the  scattering  rings  laterally  and  by  using 
rings  off  varior;?  sizes  For  angles  between  52  u and  1403. 
h-kich  o.d.  tings  were  used  with  a mean  sotsuxe-detector 
distance  R,  ai  4C  cor..  For  S between  24“  xud  52°,  6-inch 
o.d.  rings  were  used  with  U,  equal  to  60  on.  For  the 
point  at  13',  4-in.  c.d.  ringsVerc  tised  with  R\  eqi'ai  to 
72  cm. 

In  cider  So  discuss  the  measurements  that  must  be 
made  to  arrive  at  the  dlffcicstid!  scattering  cm's  sec- 
tion, it  is  crotvenient  to  define  several  quantities.  For  s 
given  n«>jnt>ev  of  npiiit-rorvy  ewiitted  bv  the  neutron 
source,  let  As  be  the  number  off  neutinMiS  recorded  by 
the  detector  with  the  scatterer  and  direct  beam  atten- 
uator in  place.  Let  ,Va  be  the  number  oi  netiuons 
detected  with  the  scatterer  removed  and  let  -VD  be  the 
number  of  neutrons  recorded  with  the  scatterer  and 
attenuator  removed.  .Vs— .V s is  the  number  off  scattered 
neutrons  recorded  by  the  detector  that  originate  in  the 
source,  aud  .Vs-.Ve  is  the  amiber  -A  neutrons  direct 
from  the  source  that  are  recorded  by  the  detector.  Let 

* W.  F.  Hero  yak , Rev.  SriL  lostr.  23.  264  <1952".  Tlur  avt&Mi 
are  Hffe&ted  to  Dr.  Rorayat  *w  with  a Iwiie- 
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the  scattering  ratio  be  denned  as 

5=.  Wj— A’*)/ (:V0— ;V fi). 

Apperodii  I then  shews  that  the  scattering  r*rh  S is 
related  to  the  apparent  differential  scattering  cross 
section  e(p)  through  the  relation 

5=  {7  (8dff  fO)J- ZRf/RfXf} 

s(0)A  C«i )E(E,)xVFif£  »p(- **&.  (!) 

■where  I (0()  is  the  number  of  neutrons  emitted  from  the 
roroee  per  steradian  per  unit  monitor  flax,  A {&?)  is  the 
angular  senritivity  of  the  neutron  detector  normalized 
to  unity  at  zero  angle,  E(Eft  is  the  energy  sensitivity 
of  tRe  oeutroa  detector  normalized  to  unity  for  the 
energy  of  the  direct  beam.  eF  is  the  number  of  scatter- 
ing nuclei,  a is  She  total  scattering  cross  section,  and 
F(&z)  is  an  attenuation  factor  which  is  defined  more 
in  Appendix  !. 

In  general,  the  scattering  ratio  S is  made  op  of  a 
sum  of  terms  5=Ai+^i+eto.,  where  St,  S~,  etc.  refer 
to  the  neutrons  scattered  into  the  detector  by  single 
scattering,  double  scattering,  etc.  Thus,  s(S)  is  simply 
3 measure  of  the  different!*.!!  scattee""^  crocs  section, 
assuming  that  ail  neutrons  are  singly  scattered,  since 
»(*j  becomes  exactly  o\8)  if  S is  replaced  by  S\.  In 
order  to  separate  the  components  Slr  5*.  etc.,  one 
measures  the  scattering  ratio  Sim  a fixed  angle  fc>a 
function  of  the  axial  thickness  of  the  ring  scatterer  d. 
The  value  of  c(f)  at  d—  0 is  then  the  average  differential 
scattering  cross  sccrioa  ins  all  souiaal  neutrons 
(elastic  and  inelastic)  weighted  according  to  the  energy - 
sessstlvitY  of  the  detector  £(£.).  In  the  ideal  case,  i? 
the  energy -sensitivity  curve  adequately  discriminates 
against  tine  nthstica%  scattered  neutrons,  the  above 
value  m e(w>  for  d=0  becomes  the  differentia!  cross 
section  fo*-  elastic  scattering  o(ff). 

In  order  to  measure  i(#!  it  is  necessary  to  consider 
the  following  factors. 

1.  Energy  resolution  of  incident  tsexSrcns. — The  mean 
energy  of  the  neutrons  incident  on  the  scatterer  varies 
between  3.70  Mev  and  3.74  Mev  depending  on  the 
angle  6i-  The  energy  spread  in  the  beam  due  to  target 
thickness  and  voltage  stability  of  the  generator  is 
about  2UO  Kev. 

2.  -V eut^on  0ttx  manlier. — A proportional  counter 
filled  w im  one  at? s js^pher  e o,  i^hauc  ppced  very 
dose  to  the  target  chamber  at  90  degrees  with  respect 
to  the  sooiodetcctor  axis.  The  discriminator  was  set 
to  reject  those  neutrons  that  were  produced  from  the 
CP(J,  it)  reaction  in  the  vicinity  of  the  magnet  box. 
Actually  soxoe  difficulty  was  experienced  in  obtaining 
a oMshnt  direct-beam  neutron  count  per  unit  monitor 
count  after  the  target  chambcx  was  just  filled  with 
deuterium.  The  pattern  of  change,  however,  was  similar 
in  each  case  and  seemed  to  indicate  that  some  of  the 
deuterium  gas  was  absorbed  into  the  walls  of  the 


chamber.  After  about  an  hoar  or  two  a rat  so  was  ob- 
tained that  was  constant  to  ±5  percent. 

3 if  tasuremexi  of  S. — In  general  the  oorect  beam 
coant  was  about  15— !UU  tiroes  the  scattered  beam  coon  5 
and  the  attenuated  direct  beam  count  varied  from  40 
percent  to'  90  percent  of  the  scattered  beam  count,  each 
dcpciKjing  on  the  size  and  position  of  the  scatterer. 

4.  Spatial  distribution  ef  neutron  south. — The 
A o—  Va  count  exhibited  within  a few-  percent  an  in- 
verse square  variation  with  distance  from  the  target 
chamber. 

5.  Angular  nenaiion  of  ike  neutron  jinx 'from  ike  D—D 
reseShr.,  I (pi).  7(0). — This  quantity  wzs  computed 
from  the  data  published  by  Hunter  and  Richards.® 

6.  Measurement  of  sF,  Ike  Member  of  scattering  nuclei. 
— Each  scatterer  was  weighed  on  a suitable  balance  to 
about  one  percent  accuracy. 

7.  Angular  va nation  in  sensitivity  of  She  neutron 
detector,  A (8*}. — This  quantity  varied  by  about  25  per- 
cent over  the  range  of  8,  used  in  this  experiment.  The 
value  of  A {#*}  was  measured  to  within  about  5 percent 
by  rotating  the  detector  about  an  axis  through  the 
detector  perpendicular  to  the  source-detector  axis. 

5.  SleesmremnU  of  ike  tjtai  cress  section. — This  was 
measured  by  using  l$-ineh  diameter,  1-inch  long  cylin- 
ders of  aluminum,  iron,  and  lead.  The  cross  sections  ob- 
tained for  £»=3. 7 Mev  were  <r(AI}  = 2.55  barns, 
«r(Fe)=3_5!  bams,  and  c{Pb)=7i0  barns  each  in 
agreement  with  the  values  obtained  by  Xerestm  and 
Darden."'  The  scattering-in  corrections  were  0.75,  2.4, 
and  4J  percent,  respectively,  for  Al,  Fe,  and  Pb,  and 
were  obtained  front  our  measurements  of  the  differential 
cross  sect  ioo. 

9.  The  attenuation  factor  F. — This  factor  varied  from 
unity  by  as  much  as  14  percent  depending  nn  the  cf?? 
and  shape  of  the  scatterer.  This  quantity  is  discussed 
briefly  in  Appendix  I and  a graph  of  its  variation  is 
given  in  Fig.  2. 

10.  Geometrical  measurements. — Measurements  of  dis- 
tance wrro  carried  out  to  about  1 millimeter.  The 
consequent  calculation  of  metis  angles  is  thus  accurate 
to  about  one  percent.  However,  because  of  the  finite 
size  of  the  detector  (1  inch  diameter,  f inch  height)  and 
the  finite  size  of  the  seatierero  the  detected  wntretss 
are  received  over  a range  of  angles  of  about  ±10 
degrees  in  the  worst  case  near  8—  90  degrees 

*1.  • anaiiott  of  tie  seis.tzniy  cf  i«  detector  seisk 
neutron  energy. — This  was  measured  by  comparing  oar 
measurement  of  the  angular  distribution  of  neutrons 
from  the  D—D  reaction  with  those  of  Hunter  and 
Richards,*  the  discrepancy  being  ascribed  to  a non- 
uniform  efficiency  in  cur  detector.  As  may  be  seen  in 
Fig.  3,  the  sensitivity  only  drops  off  siewfv  with  de- 
creasing neutron  energy,  decreasing  by  40  percent  in 
1 Mev.  Since  it  is  desired  to  dkrimmate  against 
neutrons  that  have  lost  more  than  200  key  this  const  i- 

* G.  T.  Homier  txd  H.  T.  Richards,  Rev.  76,  1445  >i949S-. 
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\V  . D . WHITEHEAD  AND  S . C . SNOWDON  116 


Fig.  2.  Attenuation  factor  F.  This  q lantity  is  defined  in  Appen- 
dix I.  Fexp(— and)  essentially  measires  the  attenuation  of  the 
direct  beam  into  the  scatterer  times  the  attenuation  of  the 
scattered  beam  out  of  the  scatterer.  The  dimensions  are  for  alu- 
minum, iron,  and  lead : 6=2.54  cm,  2.54  cm,  and  2.54  cm;  d = 3.15 
cm,  2.54  cm,  and  3.00  cm.  The  factor  F is  not  shown  for  the 
thinner  rings  used  in  tht  experiment. 

tutes  a serious  objection  to  the  use  of  the  Lucite-zinc 
sulfide  detector  in  this  experiment.  However,  if  the 
inelastically  scattered  neutrons  are  more  uniformly 
distributed  in  angle  than  the  elastically  scattered  neu- 
trons, then  the  general  features  of  the  differential  cross 
section  for  elastic  scattering  will  still  be  evident.  In  any 
case  the  value  obtained  for  o (8)  must  be  such  that  the 
total  cross  section  achieved  by  integrating  a(t>)  is  less 
than  the  measured  total  cross  section.  That  this  is  the 
case  will  be  shown  later. 

12.  Sensitivity  of  counter  to  gamma  rays. — Neutron 
detector  must  not  count  the  gamma  rays  resulting  from 
the  inelastic  scattering  of  r.cu  tiuiiS.  An  ampoule  con- 
taining 0.1  milligram  of  radium  was  placed  directly  on 
the  Lucite-zinc  sulfide  detector  and  gave  a negligible 
counting  rate  (less  than  1 count  in  100  seconds). 

13.  Higher-order  scattering. — Appendix  II  gives  an 
account  of  the  method  used  in  this  experiment  to  allow 
for  double  scattering.  Essentially  it  involves  placing  an 
upper  and  iower  bound  on  the  possible  values  of  a (6) 
for  an  observed  sequence  of  values  of  a{6 ) as  a function 
of  the  axial  thickness  of  the  ring.  The  first  calculation 
estimates  the  nature  of  the  variation  of  a id)  with  d/a 
under  the  assumption  of  isotropic  scattering.  This  is 
given  by  Eq.  (13)  which,  after  comparing  with  Fig.  4,  is 


C.1LNGV  or  HCwTi..  Nft-MCV 


Fig.  3.  Energy  sensitivity  of  neutron  detector.  E(En)  measures 
the  sensitivity  of  the  neutron  detector  normalized  to  unity  at 
3.7  ilev.  Solid  curies  were  measured  by  us.  The  dotted  curve 
was  obtained  from  reference  9 by  normalizing  the  two  sets  of  data 
over  the  region  jommon  to  both. 


Fig.  4.  Variation  of  straight-through  double  scattering  in  a 
right  circular  cylinder.  The  differential  cross  section  was  assumed 
to  be  isotropic.  Specifically  this  curve  is  a plot  of  the  function  G 
as  defined  in  Appendix  II. 

seen  to  reduce  to  the  practical  formula 

u(e)=uo(0)-O.282cr'(0),  (2) 

where  aJ/i)  is  the  intercept  at  d/a  — 0 of  the  linear 
portion  of  the  curve  and  o' (6)  is  the  slope  of  the  o(9) 
vs  d/a  curve  in  the  linear  portion. 

The  second  calculation  states  that,  if  the  angular 
distribution  is  peaked  strongly  forward,  then  one 
expects  that  the  double  scattering  contribution  will 
cause  o(0)  to  be  a linear  function  of  d or  d/a.  In  this 
case  d0(8)  is  the  true  differential  scattering  cross  section. 
Both  oi  these  extrapolations  are  presented  on  the  graphs. 

If  triple  scattering  is  present,  then  o(6 ) should  be  a 
quadratic  function  of  dor  d/  a for  the  case  in  which  there 
is  a strong  forward  peaking  of  the  scattering.  Figure  5, 
for  the  case  of  iron,  shows  some  indication  of  the  presence 
of  triple  scattering;  however,  the  experimental  uncer- 
tainty is  too  large  to  consider  this  definite.  No  attempt 
was  made  to  remove  the  triple  scattering  contributions. 

A typical  run  of  data  was  made  as  follows:  (1)  direct 
beam;  (2)  attenuated  beam;  (3)  scattered  beam  from 
one  of  the  rings  for  all  values  of  the  scailciing  angle; 
(4)  attenuated  beam;  (5)  direct  beam.  If  the  two 


Fig.  5.  Apparent  dif- 
ferential cross  section 
of  iron  vs  thickness  of 
ring  scatterer  for  three 
different  scattering 
angles.  The  thickness  is 
measuied  relative  to  a 
quantity  o,  which  we 
have  taken  to  be  equal 
to  the  radial  width  of 
the  ring  in  order  to 
establish  a correspond- 
ence between  the  ring 
scatterer  and  the  nght 
circular  cylinder  scat- 
terer. 
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Fig.  6.  Angular  distribution  of  3.7-Mev  neutrons  scattered  from 
aluminum.  5(6)  is  apparent  differential  cross  section  as  defined 
in  the  text.  6o(6)  is  the  differential  cross  section  using  a linear  ex- 
trapolation to  remove  higher-order  scatters.  5 o (6)  — 0.282a' (6)  is 
the  differential  cross  section  in  which  the  higher-order  scatters 
are  removed  using  the  isotropic  scattering  assumption.  <r(0)  is 
taken  from  the  “Final  Report  of  the  Fast  Neutron  Data  Project," 
U.  S.  Atomic  Energy  Commission,  NYO-636  (unpublished),  in 
which  the  nuclear  radii  were  found  from  our  measured  values  of 
the  total  cross  section. 

values  of  the  direct  beam  determination  differed  by 
more  than  10  percent,  the  data,  were  discarded. 

DATA 

Figures  6-8  show  the  experimental  points  of  the 
apparenL  differential  cross  section  for  3.7-Mev  neutrons 
incident  on  aluminum,  iron,  and  lead  as  calculated 
from  Eq.  (1).  Only  a limited  number  of  angles  were 
chosen  in  older  to  determine  the  effects  of  higher-order 
scattering.  Figure  5 shows  the  variation  of  5(6)  as  a 
function  of  the  ring  thickness  for  the  case  of  iron.  In 
the  same  manner,  similar  curves  were  obtained  for  lead 
and  aluminum.  The  extrapolations  both  for  isotropic 
scattering  and  forward  peaked  scattering  are  shown 
in  Figs.  6,  7,  and  8 where  a curve  is  drawn  through  the 
points  thought  to  be  the  appropriate  differential  cross 
section,  a (8)  for  each  case.  The  total  cross  sections 
corresponding  to  a(0)  nave  been  calculated  and  are 
presented  together  with  the  previously  measured  total 
cross  sections13  in  Table  I.  It  will  be  noted  that  the 


Fic.  7.  Angular  distribution  of  3.7-Mev  neutrons  scattered  f'om 
iron.  Other  remarks  in  caption  of  Fig.  6 apply  here  also. 


Tablk  I Total  cross  sections.  Subject  to  the  reservations  in  the 
text,  the  value  of  J'a(6)£2j  is  the  total  elastic  cross  section. 


vtDl  (meas.)  in 

barns 

fa  (d)ttUtl 

lilcment 

This  erpt. 

Kef.  10 

(barrvs} 

Aluminum 

2.55 

Z.5G 

1 73 

Iron 

3.5t 

3.55 

2.94 

Lead 

7.60 

7.70 

5.17 

integrated  differential  cross  sections  in  each  case  are  less 
than  the  measured  total  cross  section.  The  total  in- 
elastic cross  section  cannot  be  obtained  as  the  difference 
between  the  two  former  cross  sections  since  the  measure- 
ment of  the  differential  cross  section  did  not  dis- 
criminate adequately  against  the  inelastically  scattered 
neutrons.  However,  this  subtraction  can  be  carried 
out  approximately  if  one  accepts  the  following  rather 
crude  estimate  of  the  inelastic  contribution  to  a(0). 
There  are  seven  levels  in  aluminum  that  can  be  excited 
by  3.7-Mev  neutrons."  If  we  assume  that  the  maximum 
total  inelastic  cross  section  is  about  50  percent  of  the 
total  cross  section  and  that  the  seven  levels  in  alu- 
minum are  equally  excited,  then  the  inelastic  neutrons 
contribute  less  than  15  percent  to  the  total  cross  sec- 
tions corresponding  to  aid''.  Similar  arguments  using 
the  known  levels  in  iron  and  lead  show  that  the  in- 
elastic contribution  in  these  elements  is  less  than  20 
percent. 

In  conclusion,  the  authors  wish  to  express  their 
appreciation  to  Dr.  W.  F.  G.  Swann,  Director  of  The 
Bartol  Research  Foundation,  for  his  sustained  interest 
in  this  problem. 


...  o.  nnguiar  aistriouiion  oi  o./-Aiev  neutrons  scattered  i 
lead.  Other  remarks  in  ctptinn  of  Fig.  6 appiy  here  also. 


11  Nuclear  Data,  Natl.  Bureau  Standards  Circ.  -!99  (U.  S.  Govern- 
ment Printing  Office,  Washington.  D.  <’  , 1950). 
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V: 


Fir..  9.  Detail  of 
scattering  geometry: 

(a)  single  scattering ; 

(b)  double  scatter 
ing. 
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APPENDIX  I.  SCATTERING  OF  NEUTRONS  THROUGH 
RING  SCATTERER  BY  SINGLE  SCATTERING 

In  general  the  scattering  ratio  is  made  up  of  a sum 

of  terms5,=N1+5,2d , where  A'i,  S2,  etc.,  refer  to  the 

neutrons  scattered  into  the  detector  by  single  scattering, 
double  scattering,  etc.  For  the  single  scattering  case 
[Figs.  1 and  9(a)]  we  have 

5,=  f [/(90//(O)]W/*>W]-<rW» 

Jy 

X exp[ — an  (n+rj)]  • A (62)F.(E  n)dV.  (3) 

The  geometry  is  such  that  only  small  errors  will  be 
introduced  if  Eq.  (3)  is  replaced  by 

■<r(6)nA  (8z)E(En)VF(82)  exp(-and),  (4) 

where 


F=  exp[— <r«(»ri  r2—d)]dV, 


(5) 


and  the  mean  angles  and  distances  are  used  for  8U  82, 
R„,  Ri}  and  R2.  For  a fixed  size  of  ling  scatterer,  the 
quantity  F is  a function  of  82  and  d2.  However,  since 
6i  only  varies  from  about  5°  to  15u,  little  error  and  much 
simplification  is  introduced  by  computing  F for  6 1 = 0. 
For  the  rectangular  cross  section  of  our  scatterer,  the 
integral  F may  be  evaluated  in  terms  of  elementary 
functions.  The  results  are  displayed  in  Fig.  2. 

If  only  single  scattering  were  present,  the  quantity 
5‘i  could  be  replaced  by  the  measured  data  5 and  the 
differentia!  cross  section  c(0)  could  be  calculated.  In 
any  case  the  reduction  of  the  data  is  facilitated  by 
defining  an  effective  single  scattering  differential  cross 
section  a (8)  such  that 


5=  [/(«?,)//  (0)]W/*i*JV] 
c{e)nA(0.?,E(En) 


APPENDIX  II.  SCATTERING  OF  NEUTRONS  THROUGH 
RING  SCATTERER  BY  DOUBLE  SCATTERING 

Using  the  quantities  defined  in  Figs.  1 and  9b,  the 
double  scattering  ratio  is  seen  to  be 

Si-  f f [/(*o/*ro)Hw/*.VM«K,*] 

Jv\Jy  2 

■a{d')c  (d")n2  exp[—  tm(r,+r12-t-r2)] 

XA(er)E(En)dVtiVi.  (7) 

An  analytical  solution  of  this  integral  seems  quite 
involved,  if  not  hopeless,  for  the  geometry  of  the  ring 
scatterer.  Tn  order  to  get  some  feeling  for  the  manner 
in  which  the  double  scattering  varies  with  the  thickness 
of  the  ring,  we  have  chosen  to  calculate  the  straight- 
through  double  scattering  from  a right  circular  cylinder 
assuming  isotropic  scattering  [<r(0')  = const=o/45r].  In 
order  to  simplify  this  case  as  much  as  possible,  let  the 
neutron  beam,  incident  on  the  circular  end  of  the 
cylinder,  be  parallel  to  the  cylinder  axis,  and  let  the 
detector  sensitivities  A (82)  =£(£„)—  1.  Also  let  *r+*"2 
be  replaced  by  an  approximate  mean  value  d,  the 
thickness  of  the  cylinder.  Equation  (7)  then  reduces  to 

Stm  [>*»*/  lfoW]  - exp(—  and) 

X | I ruT2  txp{-  anri2)dV  \<IV  2.  (8) 

JviJvi 

If  tiic  exponential  function  is  expanded  and  the  first 
three  terms  retained,  S2  reduces  to  the  following: 

S«—  [erVa4/ 16/?/]  • exp  (—  and) 

■(X-anaY-tlaWZ),  (9) 

where 

X = — 2 (iP/ a2)  • In d/ a+  2 (< F] a2)  sinh~'<f/'2a 

+ cosh"  > ( 1 f (P/2  cP)+  2(P/d2  - d*/ 4a4 
- (1  — d*/2o2)-[(l+(?/2a2)2-  1]*, 

p(  -xd/2a) 

' 0 

X sinh  (xd/ 2a)]/i(x)  si  iu  • dx/x*, 

and 

7 =-  <P/  a2. 


'=sf  [xd/2a 
j 0 


(10) 


( 1 1\ 
V 


(12) 


The  integration  of  X was  facilitate'!  by  the  use  of  a 
theorem  in  vector  analysis.12  The  integration  of  Y con 
be  effected  by  recognizing  that  the  integral  corresponds 
to  the  electrostatic  energy  of  a uniform  volume  dis- 
tribution of  charge.13 

If  the  single  scattering  ratio  S is  calculated  to  • inc 
right  circular  cylinder  under  the  scree  assumptions,  tneii 


VF(62)  exp(-«iid).  (6) 


“H.  B.  Phillips,  Vector  Analysis  (John  Wilev  and  Sons,  Inc., 
New  York,  !933\  Chap.  III. 

15  W.  R.  Smythe.  Static  und  Dynamic  Electricity  (McGraw-Hill 
Book  Company,  Inc.,  New  York,  1939),  Chap.  V. 
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the  effective  single  scattering  cross  section  is  given  by 
ff/<r=  1+  (ana/WG(d/a).  (13) 

where 

G(d/a)  = (a/d)(X-onaY+  tfnVZ)  (14) 

and  is  written  only  as  a function  of  d/a  since  it  varies 
but  slowly  with  ana,  as  may  be  seen  in  Fig.  4.  By  con  • 
sidering  the  mean  curve  to  apply  to  all  cases  of  interest, 
the  function  G becomes  a function  of  d/a  only. 

Tc  apply  the  calculations  of  ui^  iigiu  ciicuiiti  cylinder 
to  the  case  of  the  ring  scatterei,  we  assume  that  except 
for  multiplying  factors  which  are  angular  functions, 


the  geometrical  variation  of  the  single  and  double 
scattering  ratios  is  given  correctly  after  associating 
the  radial  thickness  of  the  ring  scatterer  b with  the 
radius  of  the  cylinder  «. 

If,  instead  of  isotropic  scattering,  one  lakes  the  other 
extreme  of  an  angular  distribution  peaked  strongly  in 
the  forward  direction,  one  finds  that  the  single  scatter- 
ing ratio  in  the  ring  scattering  varies  as  d exp(  and) 
whereas  the  double  scattering  ratio  varies  as  d2  exp 
(—and),  thus  leading  to  a linear  variation  of  the  ap- 
parent single  scattering  cross  section  with  the  thickness 
of  the  ring. 
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